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ABSTRACT 
 
DIVERSITY OF ANTIGENIC SECRETION IN APICOMPLEXA PARASITES AND ITS ROLE IN 
PLASMODIUM FALCIPARUM MALARIA 
 
Apicomplexan  parasites  are  responsible  for  some  of  the  most  devastating  human  and 
veterinarian  diseases  and  are  parasites  of  great  economic  importance.  Apicomplexa  include 
Plasmodium,  Toxoplasma  and  Babesia  species.  The  pathogenic  mechanisms  developed  by 
Apicomplexa  parasites,  in  particular  those  that  reside  in  a  parasitophorous  vacuole,  involve 
considerable  changes  to  the  host  cell,  including  the  expression  of  variable  surface  proteins 
required  for  immune  evasion.  In  Plasmodium  falciparum  infections,  host  cell  remodeling  is 
responsible for disease symptomology and severity in the human host. This work represents a 
multi-faceted study of antigenic secretion and the role of secreted antigens in pathogenesis. We 
study  in  detail  the  mechanisms  of  antigen  secretion  in  Apicomplexa  parasites.  By  use  of 
comparative genomics, we find Plasmodium export element (PEXEL)-like motifs in a subset of 
Cryptosporidium and Babesia secreted proteins. However, in Babesia the motif functions as a 
spherical body targeting sequence, suggesting that secretory mechanisms in Apicomplexa are 
adapted  to  the  parasite’s  intracellular  lifestyle.  To  elucidate  the  relationship  and  function  of 
exported antigens, we first focused on P. falciparum to determine gene co-expression modules. 
We  found  that  in  vivo,  export  modules  are  composed  of  constitutively  or  variably  expressed 
genes, the latter group associated with patient clinical phenotypes. We then focused on a novel 
gene  family  called  “phist”  and  show,  using  transcriptional  expression  profiling,  its  role  in  P. 
falciparum  cytoadherence.  In  total,  we  demonstrate  that  antigen  secretion  is  an  evolutionary 
mechanism in Apicomplexa parasites and that variant expression of the genes encoding these 
antigens may allow parasites to adapt to environmental stresses.  
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I.  Apicomplexa parasites 
 
Apicomplexa is a phylum of unicellular parasites that cause some of the most devastating human 
and livestock diseases.  The name Apicomplexa stems from the fact that they harbor a unique set 
of secretory organelles, the apical complex involved in invasion. They are ubiquitously spread 
around the globe and make up over 4500 different species of parasite (Levine et al., 1988). This 
notorious group can be split into different classes based on their phylogenetic relationship and 
host-tropisms.  Parasites  transmitted  by  blood-sucking  insects  that  infect  erythrocytes,  the 
Haemosporidians, include species like Babesia  and Theileria,  which  cause  severe  disease  in 
cattle  (Bishop  et  al.,  2004;  Homer  et  al.,  2000;  Mosqueda  et  al.,  2012).  More  notable  are 
Plasmodium  spp.,  which  cause  malaria  with  the  most  severe  form  Plasmodium  falciparum 
claiming  the  life  of  1-2  million  people  per  year  (Murray  et  al.,  2012).  Another  group,  the 
Coccidians are parasites that infect the intestinal tract and are transmitted by the fecal-oral route 
(Adl  et  al.,  2005).  The  Coccidians  include  Toxoplasma  responsible  for  toxoplasmosis  and 
Cryptosporidium causing the diarrheal disease cryptosporidiosis, both diseases are often severe 
in immunocompromised individuals (Current and Garcia, 1991; Esch and Petersen, 2013). 
Apicomplexans are intracellular parasites. Unlike other organisms, they undergo drastic 
changes in shape during the transition between hosts, in general vertebrates and invertebrates. 
Their life cycle is divided between sexual and asexual reproduction. Although they reside in a 
variety of host cells, from dendritic cells to erythrocytes, the mechanism of invasion is conserved 
(Huynh et al., 2004). Unlike other pathogens that are “taken up” by or induce phagocytosis (i.e. 
Leishmania and Trypanosoma cruzi), Apicomplexa actively invade their host cells (Burleigh and 
Woolsey,  2002;  Ueno  and  Wilson,  2012).  Invasion  follows  a  series  of  events:  first,  parasites 
propel  themselves  across  the  surface  of  the  host  cells  through  substrate-dependent  motility 
termed  “gliding  motility”  they  then  initiate  attachment  through  receptor-ligand  interactions  and 
finally  penetrate  the  cell  by  forming  a  moving  tight  junction  with  the  host  plasma  membrane 
(Keeley  and  Soldati,  2004;  Sibley,  2010;  Suss-Toby  et  al.,  1996;  Wetzel  et  al.,  2004).  The 
formation of a viable intracellular niche relies on the secretion of parasite factors from the apical 	 ﾠ 4	 ﾠ
complex,  a  set  of  electron  dense  specialized  secretory  organelles  localized  as  their  name 
suggests at the apical end of the cell, during invasion (Carruthers and Sibley, 1997; Chen et al., 
2004).  These  are  the  micronemes,  rhoptries,  and  dense  granules.  After  invasion,  parasites 
remain  free  in  the  host  cytoplasm  (i.e.  T.  parva),  while  others  immediately  establish  an 
intracellular niche in a non-lytic parasitophorous vacuole  (PV) sometimes for a very short time, a 
matter of minutes in the case of Babesia bovis, or until egress more than 40 hours later as in P. 
falciparum  infections  (Asada  et  al.,  2012;  Wickham  et  al.,  2003).  Parasites  then  go  through 
multiple rounds of replication to form schizonts. They then induce the release of merozoites in the 
extracellular space, allowing further invasion of susceptible cells and thus closing the asexual 
cycle. Parasites can also differentiate into sexual stages, female and male gametes, which will 
then fertilize to form oocysts or, less frequently invasive stage zygotes (ookinetes). Ookinetes 
then undergo one round of meiosis to release haploid invasive sporozoites, while oocyst forms 
are spread in the environment.   
 
II.  Insight from sequencing apicomplexan genomes 
 
The  recent  explosion  of  genomics-based  research  has  revealed  just  how  uniquely  adapted 
apicomplexan  parasites  are  to  their  host,  but  also  how  closely-related  parasites  may  have 
developed  similar  mechanisms  to  survive  host  and  even  vector  challenges.  Comparison  of 
genomes  from  different  organisms,  those  closely  and  even  distantly  related  has  allowed  the 
scientific community to identify homologs and therefore extrapolate gene function and pathways 
from known organisms to those recently sequenced. Classical pathways such as DNA replication, 
mitochondrial energy efflux and protein secretion have been easily discovered via comparative 
genomics. In particular, the assembly of metabolic pathways that occur in the apicoplast revealed 
for the first time the essential nature of this unique organelle for apicomplexan parasite survival in 
the host (Seeber and Soldati-Favre, 2010). Genomic data has also provided clues into virulence 
processes.  For  apicomplexan  parasites,  members  of  large  gene  families  are  often  found  in 	 ﾠ 5	 ﾠ
tandem at the chromosome ends and these genes are often undergoing diversification and/or 
involved in antigenic variation (Brayton et al., 2007; Gardner et al., 2002). In Plasmodium, this 
has been well characterized with var and rif genes involved in parasite immune evasion and host 
cell binding and in Babesia with the variably expressed surface antigen family, VESA (Aley et al., 
1984; Brayton et al., 2007). 
Sequencing data has also revealed high degree of conservation within the Apicomplexa 
phylum.  Toxoplasma,  Cryptosporidium  and  Eimeria  species  all  express  orthologs  of  a 
Plasmodium membrane protein, thrombospondin-related anonymous protein or TRAP, involved in 
gliding motility, an important process preceding invasion characteristic of parasites of this phylum 
(Kappe et al., 1999). However, many genes in apicomplexan parasites have no known homologs 
in non-apicomplexan species and remain functionally uncharacterized. New discoveries such as 
the vestigial apicoplast has launched the development of compounds for potential anti-malarial 
chemotherapies and more recently discoveries of Plasmodium export pathways has opened up 
doors to new ways of identifying and targeting parasite gene products that may play a role in 
pathogenesis and ultimately disease outcome (Fichera and Roos, 1997). 
 
III.   Apicomplexan pathogenesis 
 
A.  Apicomplexan pathogenesis: remodeling the host cell 
 
Apicomplexa parasites are successful at establishing infection and surviving in the host. Within 
the host, parasites must overcome multiple barriers, including mucus layers, blood-brain barriers, 
and the epithelia, often eliciting at the same time host immunological responses and physical 
stress  (Plattner  and  Soldati-Favre,  2008).  The  damages  caused  by  these  parasites  in  their 
respective hosts have also been felt in both human and livestock deaths and economic losses. 
There  are  no  licensed  vaccines  against  human  apicomplexa  diseases  to  date.  Thus,  it  is 
important to understand the mechanisms employed by these parasites to survive and assure 	 ﾠ 6	 ﾠ
propagation  of  their  progeny.  These  pathogenic  cellular  processes  are  sometimes  parasite-
specific but in general involve dramatic changes to the host cell.  
Invasion by Apicomplexa parasites and the establishment of residence in the infected cell 
is accompanied by extensive remodeling of the host cell. In P. falciparum infections, these events 
include the dramatic loss of the red blood cell normal discoid shape associated with changes in 
membrane rigidity, the creation of new permeation pathways to adapt to nutrient deprivation and 
the presentation of parasite ligands at the surface for cytoadherence (Plattner and Soldati-Favre, 
2008). Remodeling, in fact, begins right at invasion when the content of the apical complex of 
invading merozoites is secreted to form the PV. For parasites like  T. gondii, parasitophorous 
vacuole membrane (PVM) remodeling is crucial for survival as tachyzoite stages infect almost 
any nucleated cell. PV remodeling allows for the escape from lysosome fusion with the PV and 
vacuole acidification. Assuredly, during invasion host transmembrane (TM) proteins are excluded 
from the invaginating membrane, thus resulting in a non-fusogenic vacuole (Mordue et al., 1999). 
Sorting of host TM proteins also occurs in P. falciparum invasion of erythrocytes (Lauer et al., 
2000).  
Whereas micronemes initiate apical attachment and entry in the host cell, rhoptries and 
dense granules are released and mainly modify the host cell during invasion. Rhoptry proteins 
and  membranous  material  are  released  directly  into  the  host  cytosol  as  vesicles,  which  then 
coalesce and fuse with the invaginating host plasma membrane (PM) that surrounds the invading 
parasite (Hakansson et al., 2001). Some of these proteins are immunosuppressive and allow 
parasites  to  evade  immunity.  In  T.  gondii  mouse  infection,  the  rhoptry  bulb  serine-threonine 
kinase TgROP18 is secreted in complex with membrane whorls in the vacuolar space and quickly 
associates with the PVM (El Hajj et al., 2007). This kinase phosphorylates p47 immunity related 
GTPases-IRGa6 and IRGb6, which in ROP18-deficient parasites form oligomers that bind the 
PVM, hence destabilizing the vacuole and killing the parasite (Taylor et al., 2006). On top of its 
immunosuppressive role, TgROP18 also enhances parasite growth and replication thus aiding 
parasite virulence (El Hajj et al., 2007; Taylor et al., 2006).  	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Secretion from dense granules on the other hand, is thought the mediate the maturation 
of the PV and parasite replication and occurs within the first hours of PV formation (Carruthers 
and Sibley, 1997; Dubremetz et al., 1993; Torii et al., 1989). The P. falciparum vaccine candidate 
Pf155/RESA  (ring-expressed surface antigen) a resident dense granule protein, binds and alters 
host  cell  PM  physical  properties  (Aikawa  et  al.,  1990).  In  fact,  during  invasion  RESA  is 
incorporated in the cytoskeleton of infected cells by forming stable bonds with spectrin tetramers. 
These interactions increase resistance to heat shock and increase host cell membrane rigidity, 
which  ultimately  suppresses  any  additional  invasion  events  (Pei  et  al.,  2007a).  Other  dense 
granule components include the putative P. falciparum translocon for exported protein or PTEX 
(de Koning-Ward et al., 2009). This macromolecular complex consists of at least five proteins, 
two hypothetical proteins PTEX 150 (PTEX-150) and PTEX 88 (PTEX88), a heat shock protein 
101 (HSP101), thioredoxin 2 (TRX2) and exported protein 2 (EXP2), a bacterial like pore forming 
protein (de Koning-Ward et al., 2009). This adenosine triphosphate (ATP)-powered translocon is 
released as early as five minutes after invasion and anchors in the membrane of the PV (Bullen 
et al., 2012; Riglar et al., 2013). Proteins that are synthesized when the parasite is completely 
encapsulated and destined to localize beyond the PVM are thought to translocate through this 
pore, which begins to be functional in ring stages.  
Considerable  changes  in  cell  permeability  also  occur  during  Plasmodium  erythrocyte 
infections. The permeation of the RBC membrane and the PVM allows import of otherwise non-
available  amino  acids  that  Plasmodium  requires  for  growth  (Plasmodium  is  auxotrophic  for 
purines) and metabolized hemoglobin as an energy source (Decherf et al., 2004; Desai et al., 
2000; Gero and O'Sullivan, 1990; Martin and Kirk, 2007). Import of organic and inorganic solutes 
was recently shown to occur through a parasite-derived channel, the Plasmodial Surface Anion 
Channel (PSAC) composed in part by the parasite cytoadherence-linked asexual protein 3 (CLAG 
3) formally thought to play a role in cytoadherence (Desai, 2012; Nguitragool et al., 2011). Host 
membrane permeability changes also occur in T. gondii infections and this parasite in common 
with Plasmodium, cannot synthesize purines de novo. Evidently, parasite pores and transporters 
are embedded in the PVM and allow the efflux of small molecules (Schwab et al., 1994).  	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As Plasmodium develops in a truly bona fide parasitophorous vacuole, other structural 
changes can be observed. These include the tubulovesicular networks (TVN), extensions of the 
PVM into the host cell periphery  and the Maurer’s Clefts (MCs) membrane-derived secretory 
compartments where parasite exported proteins transit before transferring to the host cell surface 
(Lauer et al., 1997; Tilley et al., 2008). In growing trophozoite stages, the parasite also exports 
factors  to  the  host  cytoplasm  and  surface  including  immunovariant  adhesins  P.  falciparum 
erythrocyte membrane protein 1 (PfEMP1). Surface expression of PfEMP1 is a crucial process for 
Plasmodium as it allows trophozoites and schizonts to avoid splenic clearance by adhering to the 
endothelium  of  microcapillaries  in  various  tissues  through  receptor-ligand  interactions.  This 
process activates the endothelium igniting local pro-inflammatory immune responses (Turner et 
al., 1998; Turner et al., 1994). In the brain, endothelial activation is thought to lead to a signaling 
cascade where host adhesion molecules such as intracellular adhesion molecule 1 (ICAM-1) are 
upregulated, amplifying the number of parasitized RBCs binding to brain endothelial cells and 
pro-inflammatory cytokines and radicals are released in the local microenvironment causing the 
disruption of the blood-brain barrier (Adams et al., 2002).  
Host cell remodeling is a very important process in Apicomplexa infections, in particular 
Plasmodium malaria. Changes to the RBC require secretion and sorting of host and parasite 
proteins at invasion and during development. It is important to note that differences in genetic 
backgrounds of host cell types can affect the extent of membrane modifications undertaken by 
the  parasite  in  the  host  and  therefore  affect  the  extent  of  pathogenesis.  In  fact,  the 
hemoglobinopathy found in sickle cell anemia patients abolishes trafficking of parasite factors to 
the  RBC  surface  (Cyrklaff  et  al.,  2011).  Therefore  overall,  Apicomplexa  pathogenesis  and 
ultimately disease prognosis, is a complex system that is composed in part by parasite and host 
factors. 
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B.  Plasmodium falciparum pathogenesis during cerebral malaria 
 
P. falciparum malaria caused over 600,000 deaths and over 219 million infections in 2010 alone. 
The burden of this disease is mostly carried by children under the age of 5 in sub-Saharan Africa 
(over 85% of all deaths) (WHO, 2012). Pedriatic malaria often manifests itself as CM and this is 
partly due to immune naiveté (Marsh et al., 1995). The World Health Organization defines CM as 
the presence of P. falciparum parasitemia and coma with no other apparent causes of altered 
consciousness  (WHO,  2000).  In  field  studies,  there  is  a  high  false  positive  rate  of  children 
meeting CM clinical definition due to low specificity of diagnosis and due to the heterogeneity of 
CM cases (Taylor et al., 2004). In fact, children whose coma is attributable to CM alone (and to 
no other common infections such as bacterial meningitis) and who died of clinically defined CM, 
can  be  divided  in  three  distinct  groups:  CM1,  presence  of  iRBC  sequestration  only,  CM2 
presence of iRBC sequestration with intravascular and perivascular pathology (microthrombi and 
hemorrhages),  and  CM3  absence  of  sequestration  (Dorovini-Zis  et  al.,  2011).  Currently,  the 
combination of peripheral blood and ophthalmoscopic detection (or retinopathy) of P. falciparum 
iRBCs in retinal vessels as a discriminant of CM and severe malaria without any histological 
evidence of cerebral damage has increased the reliability of CM diagnosis significantly (Lewallen 
et al., 2000; White et al., 2001). The definitive diagnosis so far (CM with a positive retinopathy 
result) can only be reached through a serological test for plasma concentrations of a secreted 
parasite protein, histidine-rich protein 2 (HRP2) (98% sensitive; 94% specific) or by post-mortem 
examination of the brain for the presence of sequestered parasites (Seydel et al., 2012; Milner et 
al., 2012). 
The cause of CM is still not well defined due to the heterogeneity of CM cases diagnosed 
(as described above) and conflicting data. However, it is well accepted that blood-brain barrier 
(BBB) dysfunction is involved in CM progression and has been described in pediatric CM (CM1-3, 
although CM3 are thought to have died of causes not necessarily linked to a central nervous 
system etiology) and experimental models (Dorovini-Zis et al., 2011). The BBB is a selectively 
permeable structure that lines cerebral blood vessels and is composed of specialized endothelial 
cells  (ECs)  and  astrocytes.  It  regulates  the  passage  of  ion  and  nutrients  as  well  as  other 	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molecules from the blood stream into to the brain parenchyma (Abbott et al., 2006). During CM, 
the BBB is damaged and brain homeostasis is no longer maintained. The mechanism leading to 
BBB  dysfunction  is  a  complex  system  but  includes  an  inflammatory  response,  mechanical 
occlusion and finally BBB breakdown. Parasitized RBCs cytoadhere to ECs through PfEMP1-
ICAM-1 interactions (Berendt et al., 1992; Newbold et al., 1999). These interactions stimulate the 
release  of  pro-inflammatory  cytokines  such  as  TNFα,  which  activates  local  endothelial  cells 
resulting  in  endothelial  ICAM-1 upregulation  (Turner  et  al.,  1994).  The process is potentiated 
through  the  recruitment  of  platelets  to  the  endothelium  as  these  bridge  iRBC  binding  to  the 
endothelium  (Wassmer  et  al.,  2004).  The  accumulation  of  adherent  parasites  and  platelets 
ultimately occludes blood vessels resulting in focal ischemia and hypoxia (Newton et al., 1994). 
As damaged cells undergo apoptosis, the integrity of tight junctions between ECs is disrupted and 
the BBB finally breaks down (Shikani et al., 2012; Susomboon et al., 2006). This allows foreign 
and toxic plasma material to permeate the parenchyma, activating macrophages and leukocytes 
of the central nervous system (CNS) and leading to edema, intracranial pressure build up and 
coma (Brown et al., 1999). In children with CM, BBB dysfunction can cause life-long neurological 
sequelae such as motor disorders (hemiparesis and quadriparesis) as well as blindness, epilepsy 
and aphasia (Brewster et al., 1990). 
The sequestration of parasites in the brain is thought to occur through iRBC binding to 
ICAM-1 in cerebral vessels specifically through PfEMP1 encoded by a unique set of UpsA type 
var genes. This was first shown in field studies where iRBCs from CM patients co-localized with 
ICAM-1 in cerebral vessels post-mortem and showed selective preference for ICAM-1 binding as 
opposed to CD36 which can bind almost every parasite and has limited expression in the brain 
(Newbold et al., 1999; Turner et al., 1994; Hasler et al., 1990). Recently, the UpsA encoded 
PfEMP1s were identified by surveying var gene expression in parasites after panning human 
cerebral tissue and parasites from Tanzanian children with CM (Avril et al., 2012; Claessens et 
al., 2012; Lavstsen et al., 2012).  
A running hypothesis in malaria, and this is also true for other diseases, stipulates that 
disease  severity  is  due  to  the  presence  of  multiple  parasite  genotypes  in  the  human  host  in 	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particular during seasons of high transmission. However, in two retrospective studies on children 
who meet the clinical definition of CM, only single genotypes can be detected and these are the 
same circulating in peripheral blood, in the brain and in multiple other organs. Mixed infections 
however, associated with malaria patients who died of non-malarial causes. Notably, in these 
studies,  not  one  single  parasite  genotype  was  associated  with  malaria  (Milner  et  al.,  2012; 
Montgomery  et  al.,  2006).  This  suggests  that  CM  is  caused  by  other  factors  then  mixed  P. 
falciparum  infections  and  favors  the  role  of  a  parasite  pathogenic  process  such  as  antigenic 
variation through which switching of surface expressed PfEMP1 determines the route to severe 
disease (CM and PAM) versus uncomplicated malaria.  
 
IV.   Protein trafficking in apicomplexan parasites 
 
Taking-over the host cell is not an easy task. The many changes that occur in the host cell, 
scavenging of nutrient sources and even hijacking of members of host cell pathways requires 
unrequested access to the host cell. For this, protein secretion of parasites factors beyond the 
confines  of  the  PVM  is  an  essential  process  not  only  for  growth  but  also  immune  evasion. 
Crossing multiple membranes in particular in transcriptionally and protein biosynthesis inactive 
cells  like  mature  erythrocytes  for  the  Haemosporidians  Babesia  and  Plasmodium  can  be 
challenging. In Plasmodium falciparum it is estimated that approximately 8-10% of proteins (about 
400) are exported and a large number have not been functionally characterized (Boddey et al., 
2013; Sargeant et al., 2006). To understand protein targeting to the host, we look back at protein 
trafficking to the apicoplast for clues as to understand how parasite factors make it across multi-
membranous structures. 
 
A.  Lessons from the past: targeting to the apicoplast 
 
Apicomplexan parasites contain a unique organelle called the apicoplast. The apicoplast is a relic 
plastid that originated from endosymbiont green algae (Kohler et al., 1997). Four membranes 	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envelop  the  apicoplast,  with  the  outermost  originating  from  the  endomembrane  system. 
Interestingly,  this  plastid  is  found  in  all  Apicomplexa  except  Cryptosporidium.  This  organelle 
contains its own circular genome, one that has evolved to retain only some essential function 
from  the  ancestral  bacteria.  In  fact,  the  genome  has  shrunk  from  150  to  35kb  losing  in  the 
process photosynthetic and nucleomorph functions (Marechal and Cesbron-Delauw, 2001). The 
apicoplast is a vital organelle for api-parasites. It functions in metabolic processes such as fatty 
acid, heme and isoprenoid synthesis as well as general housekeeping function to maintain plastid 
gene expression. This plastid’s genome however does not play a large role in the organelle’s 
function. In fact, the apicoplast proteome is largely encoded by the nuclear genome (Waller et al., 
1998).  Gene  products  entering  the  secretory  pathway  are  targeted  post-translationally  to  the 
apicoplast  through  the  recognition  of  bi-partite  N-terminal  leader  sequences  consisting  of  a 
classical secretory signal sequence followed by a plastid transit peptide. Genetic studies in T. 
gondii have shown that the transit peptide is necessary and required for apicoplast targeting, as 
the expression of the signal sequence of an apicoplast protein alone targets a fluorescent marker 
to  the  PV  (DeRocher  et  al.,  2000;  Harb  et  al.,  2004).  Similarly,  the  expression  of  the  signal 
sequence  from  a  secreted  protein,  erythrocyte  binding  antigen-EBA 150, in lieu of the signal 
sequence from an apicoplast-targeted protein properly targets to the plastid (Tonkin et al., 2006). 
Consistently,  in  Plasmodium  similar  conclusions  were  made  by  site-directed  mutagenesis  of 
apicoplast putative targeting domains (signal sequence followed by plastid transit peptide) of a 
nuclear-encoded acyl-carrier protein (Foth et al., 2003).  
The path of nuclear encoded proteins to the apicoplast is challenging. Proteins have to 
cross all four membranes of this relic organelle. Several models have been proposed to explain 
the translocation process of proteins in the secretory pathway to the apicoplast; some include the 
apicoplast  residing  in  the  ER,  others  through  vesicular  trafficking  from  the  Golgi  apparatus. 
Current models propose that upon entering the ER, the signal peptide is cleaved by the signal 
peptidase, exposing the transit peptide. ER-mediated vesicles harboring these proteins bud from 
the ER membrane to fuse with the apicoplast outer-membrane, bypassing Golgi entry. This was 
supported by data in T. gondii and P. falciparum using Brefeldin A as an inhibitor of trafficking 	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between ER and Golgi (DeRocher et al., 2005; Tonkin et al., 2006). Upon fusion, the content of 
the vesicles is released in the luminal space between the two outermost membranes. The next 
translocation  steps  across  the  membranes  remain  controversial  in  part  because  of  lack  of 
experimental data. However two models exist. The first “free-crossing” stipulates that proteins 
traverse the membranes through Tic and Toc translocons with the help of ATPase chaperone 
proteins; the second relies on vesicular migration across the membranes (Foth and McFadden, 
2003; Kalanon et al., 2009). Once the proteins reach the lumen of the apicoplast, the transit 
peptide is cleaved (probably by an apicoplast homolog of the plant stromal processing-protease) 
to release mature proteins (Parsons et al., 2007; van Dooren et al., 2001). 
The plastid transit peptides do not bear specific motifs as compared to other targeting 
sequences like the ER-retention signal KDEL (lys-asp-glu-leu). However, like other plant transit 
peptides a secondary structure is evident: they are 25-125aa in length and rich in basic and 
hydroxylated amino acids in particular serines and threonines and are found at the N-terminus 
downstream of the signal sequence (von Heijne and Nishikawa, 1991). The topology, sequence 
and position of apicoplast transit peptides have been used to predict not only the number of 
proteins targeted to the organelle but also to predict their function. Interestingly, comparative 
analysis of apicoplast pathways, in organisms where sequencing has been performed, shows that 
the function of this organelle has specified along lineages. As such, enzymes involved in heme 
and fatty acid metabolism in Plasmodium spp. are not found in Theileria spp. (Sato, 2011). In 
terms of isoprenoid metabolism, it is notable that species that have retained this pathway reside 
in a PVM, i.e. Toxoplasma and Plasmodium, whereas those that lost it remain free in the host cell 
cytosol, i.e. Theileria parva and Theileria annulata (Gardner et al., 2005). This is thought to be a 
result of host cell tropisms and hints that the apicomplexan phylum has had to adapt to host and 
possibly even vector challenges.   
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B.  Targeting to the host cell: Plasmodium falciparum protein export 
 
Intracellular parasites export multiple proteins in the host cell environment. Exported proteins play 
a  major  role  in  host  cell  remodeling,  cytoadherence,  immune  evasion  and  even  nutrient 
scavenging. Therefore, export is essential for parasite survival. In fact, a large genetic deletion 
screen  for  parasite  genes  involved  in  host  cell  remodeling  identified  genes  that  mediate 
cytoadherence, affect host cell membrane rigidity and even genes essential for in vitro culture 
growth (Maier et al., 2008). These genes could also likely be important for parasite growth and 
survival  in  vivo  as  changes  in  host  cell  rigidity  and  cytoadherence  play  a  major  role  in 
pathogenesis. However, the process itself is challenging for Apicomplexa parasites that reside 
within the confines of a PV. Exported proteins need to cross the parasite plasma membrane as 
well as PVM. The best-studied system among apicomplexans with regard to protein secretion and 
export into the host cell is the human malarial parasite, Plasmodium falciparum.   
Export of Plasmodium proteins is mediated by the recognition of a N-terminal bipartite 
leader  sequence  composed  of  the  signal  sequence  followed  by  a  pentameric  export  motif 
RxLxE/Q/D.  This  export  motif  has  been  called  HTS  (Host  Targeting  Signal)  or  PEXEL 
(Plasmodium Export Element) (Hiller et al., 2004; Marti et al., 2004). Several hundred proteins 
were predicted by bioinformatics to contain this positionaly conserved export motif (Sargeant et 
al., 2006; Boddey et al., 2013). The PEXEL motif was functionally validated to play a role in 
export by tracking the localization of GFP-tagged N-termini or mutant versions of few candidate 
proteins (some previously known to be out in the RBC and others unknown) (Boddey et al., 2013; 
Sargeant et al., 2006; van Ooij et al., 2008). The PEXEL motif is found on both soluble and 
membrane proteins and is located 20-30 amino acids downstream of the signal sequence. Unlike 
apicoplast-targeted  proteins,  most  PEXEL  proteins  possess  a  recessed  N-terminal  signal 
sequence. The PEXEL motif is cleaved in the ER by an ER-residing protease called plasmepsin 
V  (Boddey  et  al.,  2010;  Russo  et  al.,  2010).  Cleavage  was  shown  to  occur  after  the  well-
conserved  Leucine  at  position  three,  releasing  a  mature  protein  with  a  starting  N-terminal 
sequence of xE/Q/D (Chang et al., 2008). Unprocessed proteins in the ER were also shown to 
bypass plasmepsin V cleavage. Bhattacharjee and colleagues recently reported that the PEXEL 	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motif  binds  phosphatidylinositol-3-phosphate  (PI(3)P)  in  the  ER  prior  to  and  independent  of 
protease processing (Bhattacharjee et al., 2012a; Bhattacharjee et al., 2012b). Binding occurs in 
PI(3)P-rich regions of the ER. The malarial PEXEL was previously shown to resemble both in 
sequence and function an export motif found in the eukaryote Phytophtora infestans, of sequence 
RxLR...DEER and also bound PI(3)P, thus this finding was not entirely surprising (Bhattacharjee 
et al., 2006; Whisson et al., 2007). Unprocessed and mature protein are then thought to traffick 
through  vesicles  to  the  parasite  PM  and  secreted  into  the  PV  space.  Here,  proteins  bind  to 
chaperone proteins HSP101 and are escorted to an ATP-driven translocon complex (de Koning-
Ward et al., 2009). Agreeably, proteins need to be unfolded in order to pass through the pore 
(Gehde  et  al.,  2009).  This  process  is  true  for  soluble  proteins  but  remained  unresolved  for 
proteins containing TMs until recent work on PNEPs.  
In addition to signal-mediated targeting to the host, a number of proteins in Plasmodium 
are exported but do not contain a PEXEL motif. These proteins, called PEXEL-negative proteins, 
or PNEPs include REX1, REX2, MAHRP1, MAHRP2 and SBP1 which all localize to the MCs 
(Spielmann and Gilberger, 2010). PNEPs, unlike PEXEL proteins, do not have a signal peptide 
but contain a hydrophobic domain localized some 200 amino acids from the N-terminus (Haase et 
al., 2009; Spielmann et al., 2006). For a long time it wasn’t known how PEXEL proteins with TM 
domains or PNEPs were exported across the PM and the PVM. Recently, it was shown that both 
PNEP  and  PEXEL-dependent  trafficking  routes  converge.  Precisely,  Grüring  and  colleagues 
showed that a matured-PEXEL protein with a PNEP TM is exported in the host. The same was 
true for the addition of a PEXEL domain (signal sequence + PEXEL) to a PNEP protein. In both 
scenarios,  the  authors  saw  a  protein  solubility  shift  in  fractionation  experiments.  This  was 
evidence for a translocation event (Grüring et al., 2012). Thus, it is proposed that PNEPs and 
PEXEL proteins with TMs are trafficked through vesicles to the PM where they are inserted; they 
are then unfolded and bound by a chaperone (potentially HSP101) and handed to the translocon. 
This model also implies that both PNEP and exported TM proteins take the same route as soluble 
PEXEL proteins to enter the host cytoplasmic environment.   	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C.  Conclusion 
 
There are similarities between apicoplast-targeting and targeting to the host cell. In the case of 
Plasmodium falciparum, proteins entering the ER are rapidly sorted to enter different routes. The 
fork  to  the  apicoplast  requires  recognition  of  basic  N-terminal  peptide  early  in  the  secretory 
process giving proteins eligibility to enter the four-membrane plastid through translocons. The fork 
to the red blood cell on the other hand is somewhat more diversified. A translocon mediates the 
translocation of proteins across the PVM but the recognition of a N-terminal peptide the PEXEL 
motif is sufficient but not required. In all cases, more work needs to be done to identify the players 
that function at the many steps of trafficking: chaperones, membrane receptors, enzymes, etc. n 
addition, the travels of proteins into the host environment in other encapsulated Apicomplexa 
parasites is not well-understood.  
 
V.  Mechanisms of Antigenic variation in Plasmodium falciparum malaria 
 
The progresses in immunology these last decades have showed the amount of diversity that can 
be  generated  in  antibody  responses.  A  mammalian  host  can  produce  up  to  10^10  distinct 
antibody  idiotypes  via  class  switch  recombination  and  maturation.  These  two  sophisticated 
processes rely on the shuffling of conserved and adaptable immunoglobulin domains (Alberts B, 
2002).  With the addition of immunological memory, not only at the individual level but at the 
population level, one is left to ask how are parasites able to escape from sterilizing host defenses 
when the host has likely been previously exposed to the same or similar antigens. One strategy is 
antigenic  variation.  Antigenic  variation  is  the  presentation  of  ever-changing  population 
phenotypes to assure transmission and evasion from host immunity. For this reason, antigenic 
variation is a complex process. The parasite, with its limited genome, must continually switch 
from one antigenic type to the next while avoiding exhaustion of its own antigen repertoire. There 
are many mechanisms that are known to govern antigenic variation some are controlled at the 
transcriptional level by genetic processes and others by epigenetics.  	 ﾠ 17	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A.  Variant surface antigens 
 
The  first  indication  of  antigenic  variation  in  the  malaria  field  was  by  Cox  in  1959  where  he 
observed relapses in P. berghei infections in mice (Cox, 1959). This was later confirmed in the 
context  of  rhesus  monkey  malaria,  and  falciparum  malaria  in  squirrel  monkeys  (Brown  and 
Brown, 1965; Hommel et al., 1983).  The relapses observed in these experiments have  been 
linked to the immune system’s recognition of antigens from one  Plasmodium family, which is 
expressed on the surface of infected erythrocytes, PfEMP1 (Leech et al., 1984). This clonally 
variant gene family is composed of about 60 members that alter the antigenic and cytoadherent 
properties of the host cell and ultimately pathology (Kraemer and Smith, 2006; Smith et al., 1995). 
However, PfEMP1 is not the only antigen expressed at the surface of infected erythrocytes. Other 
proteins have been found on the host cell surface and play an important role in adherence and 
changes  to  host  cell  deformability.  The  knob  associated  histidine  rich  protein,  KAHRP,  for 
instance is localized underneath the host cell membrane at “knobs”, parasite-induced protrusions 
of the cell membrane where other parasitic proteins like PfEMP1 accumulate (Horrocks et al., 
2005). In addition, transcriptional data has provided proof of variegated expression of other genes 
than vars  in both culture-adapted strains and peripheral blood of malaria disease individuals. 
Such  genes  include  the  two-transmembrane  domain  (2TM)  superfamily  composed  of  rifins, 
stevors,  and  Pfmc-2TM.  All  three  families  encode  proteins  that  are  exported  to  the  host  cell 
membrane.  They  contain  two-transmembrane  topology  and  regions  of  hypervariability  in  the 
loops between the TM domains (Lavazec et al., 2006). These regions face the extracellular side 
of  the  host  membrane  and  this  diversity  is  thought  to  have  arisen  through  selection  by  the 
immune system (Lavazec et al., 2006). Rif or repetitive intersperced family, encode more than 
130 RIFINSs and are found on the host cell membrane. They are clonally variant with a switching 
rate close to that of var genes (Fernandez et al., 1999; Kyes et al., 1999). Stevor or subtelomeric 
variable  open  reading  frame,  is  a  smaller  gene  family  of  about  40  members  and  related  in 
sequence and structure to rifins. They are also differentially expressed in various clonal lines 
(Lavazec  et  al.,  2007).  Interestingly,  STEVORs  were  found  to  co-localize  with  MSP-1  in  free 
merozoites and also at the “docking” site of merozoites as they invade erythrocytes. However 	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their role in invasion is still unclear (Blythe et al., 2008; Khattab et al., 2008). Pfmc-2TM, the 
Maurer’s cleft two-transmembane gene family contains 13 members. As their name indicates, 
they localize to the MCs but also the host surface and are clonally variant (Lavazec et al., 2007). 
The function of the 2TM superfamily in immune evasion and disease is still unclear.  
 
B.  Genetics of variant expression 
 
1.  Partitioning the genome: importance of the telomeres 
 
The chromosomes of Plasmodium falciparum are partitioned like other eukaryotic genomes in 
internal regions and chromosome ends called telomeres. The telomeres and subtelomeres are 
regions  of  high  instability,  where  deletions  and  recombination  with  other  chromosomal  ends 
occur. Chromosomal internal loci on the other hand are typically stable and enriched with genes 
involved  in  growth  and  maintenance  i.e.  ribosomal  subunit,  RNA  helicase,  and  eukaryotic 
translation factor (Chen et al., 1998; Cortes et al., 2007; Freitas-Junior et al., 2000; Le Roch et 
al.,  2003;  Volkman  et  al.,  2002).  Telomeres  are  known  for  the  presence  of  species-specific 
repetitive sequences that are ideally suited for recombination events between chromosomal ends. 
Rep20 is a sequence of 21bp found at all 28 telomeres of Plasmodium, these sequences are 
thought to mediate the clustering of chromosome ends thus enhancing the chance of ectopic 
recombination  (Freitas-Junior  et  al.,  2000;  O'Donnell  et  al.,  2002).  Recombination  at  the 
subtelomeres  is  a  phenomenon  that  has  occurred  and  is  still  ongoing  in  var  genes.  Such 
recombination  leads  to  an  accelerated  generation  of  diversity  with  the  shuffling  within  and 
between  var  domains,  creating  variants  with  potential  novel  cytoadhesive  properties  and 
immunogenicity (Kraemer et al., 2007). Hence, the generation of variants and their controlled 
transcription can be thought as a source of antigenic variation.  
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2.  Transcriptional regulation 
 
Plasmodium falciparum contains the canonical transcriptional machinery in common with other 
eukaryotes  however;  global  transcriptional  analysis  has  revealed  highly  coordinated  gene 
expression during the intraerythrocytic cycle and gametocyte development (Bozdech et al., 2003). 
Waves of gene expression from time zero of invasion to egress of rupturing schizonts show that 
most of the genome is wired for sequential activation of gene pathways. However, a fraction of 
the genome shows patterns of differential expression in both clinical and culture-adapted isolates. 
The absence of chromosomal clustering of genes with similar expression patterns (across the 
lifecycle and in primary isolates) indicates that genes are independently regulated (Gardner et al., 
2002). Such regulation at the transcriptional level requires transcriptional factors and other DNA-
binding proteins as well as cis-acting elements at the 5’UTR. Only in the last few years have 
some strong candidates been found.   
ApiAP2 transcriptional factors were recently discovered in  Plasmodium.  There  are  28 
copies of this gene in the genome and they are only found in Apicomplexa parasites like T. 
gondii, C. parvum and T. annulata (Iyer et al., 2008). ApiAP2s are expressed at different points in 
the intraerythrocytic life cycle thus making them likely players in various transcriptional events 
across different parasite stages (Balaji et al., 2005). So far, studies from two members of this 
gene family, PF14_0633 and PFF0200c, indicate that they bind specific palindromic promoter 
motif, TGCATGCA and GTGCAC respectively (De Silva et al., 2008). Surprisingly, PFF0200c, 
which contains two copies of the AP2 domain, is co-expressed with genes that harbor the motif in 
their 5’UTR, whereas the same is not true for PF14_0633, which only carries one AP2 domain 
(De Silva et al., 2008). This suggests that the Ap2 domain serves in the binding of cis-acting 
elements in the 5’UTR and probably also in the recruitment of other DNA-binding protein for gene 
regulation.  
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C.  Epigenetic mechanisms of variant expression 
 
Changes in gene expression can occur without alterations of the primary sequence of a gene. 
When  these  changes  result  in  stably  heritable  phenotypes,  they  are  defined  as  being  under 
epigenetic  control  (Berger  et  al.,  2009).  The  current  understanding  of  such  a  phenomenon 
requires  three  components:  an  “epigenator”,  transient  environmental  signals  that  initiate  a 
response at the chromosomal level; an “epigenetic initiator”, factors that relegate signals to the 
chromosome  (sometimes  changing  chromosome  location  in  the  nucleus);  and  “epigenetic 
maintainers”, factors which prolong the epigenetic effects beyond the lifespan of the affected cells 
(Berger et al., 2009). 
In P. falciparum, epigenetic processes have been mostly described for the coordinated 
expression of var genes. It was shown that the observed monoallelic expression patterns were 
not due to changes at the DNA sequence nor the presence or absence of transcriptional factors 
when comparing a var gene at its active and silent states, but rather likely due to chromosome 
structure  and  promoter  accessibility  (Chen  et  al.,  1998;  Scherf  et  al.,  1998).  In  fact,  the 
expression or silencing of var genes and other variant antigens such as the rifs and stevors is 
associated with the chromatin structure of the region surrounding their promoters (Duraisingh et 
al.,  2005;  Freitas-Junior  et  al.,  2005).  Heterochromatin  and  euchromatin  marks,  or  when  the 
chromosomes  are  inaccessible  or  free  to  proteins  involved  in  transcription,  are  many  in 
eukaryotes and include histone posttranslational acetylation, methylation and ubiquitination (Cui 
and Miao, 2010). In Plasmodium, active var expression sites are associated with acetylation of 
histones H2 and H3, whereas silent loci with methylation of lysine 27 of histone 3 (H3K27) and tri-
methylation of Lysine 9 of histone 3 (H3K9me3) (Chookajorn et al., 2007; Duraisingh et al., 2005; 
Freitas-Junior et al., 2005; Lopez-Rubio et al., 2007). It is believed that a yeast homologue of the 
sirtuin  2  protein,  PfSir2,  acts  as  a  histone  deacetylase  and  mediates  the  silencing  of  var 
promoters (Duraisingh et al., 2005; Freitas-Junior et al., 2005; Tonkin et al., 2009). This same 
protein acts in the process of heterochromatin spread starting at the telomeres spreading into 
internal regions of the chromosome by binding to telomere repeats Rep20, often found adjacent 
to var promoters (Freitas-Junior et al., 2005). In yeast, Sir2-mediated silencing spreads internally 	 ﾠ 21	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by 3kb whereas in Plasmodium the region extends some 55kb (Freitas-Junior et al., 2005; Imai et 
al., 2000)! This spread is thought to control var gene expression as well as other genes located at 
the subtelomeres. In fact, the silent states of other variantly expressed genes, such as the rifs 
and stevors is associated with the heterochromatin mark H3K9me3 (Lopez-Rubio et al., 2009). In 
addition to histone posttranslational modifications, activation and repression of variant antigens is 
mediated  by  chromosomal  repositioning  to  specific  subnuclear  regions.  The  data  from  var 
expression  studies  shows  that  while  PfSir2  clusters  (silent  loci)  are  localized  at  the  nuclear 
periphery  in  specific  foci  where  chromatin  is  condensed  forming  the  so  called  chromosome 
“bouquets”, only the chromosome bearing the active var gene detaches from the PfSir2 bouquet 
to position itself at nuclear pores in an uncondensed, PfSir2-free state (Duraisingh et al., 2005; 
Freitas-Junior et al., 2005; Ralph et al., 2004). 
 Thus,  one  can  see  how  variant  expression  can  occur  via  epigenetic  mechanisms  at 
chromosome ends to regulate the expression of genes that play a role in antigenic variation. 
Interestingly, recent genetic studies have provided some evidence for co-regulation of vars and 
the  three  2TM  gene  families.  Specifically,  the  over-expression of a promoter from one family 
affects in a titratable manner the expression of genes from all four families, indicating that there 
are factors that bind regions common to these families (Howitt et al., 2009). It is still unclear how 
histone  modification  processes  reach  internal  loci  where  for  example  some  members  of  var 
genes, the UpsC type, are found. However, H3K9me3 marks have been found in some discrete 
intrachromosomal regions where members of multi-copy gene families also cluster (Lopez-Rubio 
et al., 2009; Salcedo-Amaya et al., 2009).  
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VI.   Summary of Aims 
 
This dissertation seeks to elucidate mechanisms of protein secretion in closely related parasites 
of  the  Apicomplexa  phylum  generally  and  in  Plasmodium  falciparum  specifically,  to  develop 
methods to systematically identify putative antigens that function together in active disease. In the 
first  chapter,  by  using  comparative  genomics  and  forward  genetics,  we  aim  to  identify  P. 
falciparum-like  N-terminal  export  sequences  together  with  the  genes  that  harbor  them  in 
Apicomplexa  parasites  such  as  Toxoplasma,  Babesia  and  Cryptosporidium,  which  like 
Plasmodium spp. reside in a parasitophorous vacuole for parts of their life cycle. Some of these 
exported genes are likely to play a major role in host cell remodeling (Maier et al., 2008; Plattner 
and Soldati-Favre, 2008).  
In  the  next  chapter,  we  focus  on  P. falciparum  malaria to define gene co-expression 
modules in a severe malaria paradigm and explore their role in host-cell remodeling. Here, we 
work  on  two  hypotheses:  first,  the  functional  genomics  hypothesis  that  co-expressed  genes 
function  in  the  same  biological  pathway,  second,  that  genes  involved  in  severe  disease  are 
differentially expressed in vivo as opposed to in vitro culture conditions and can be systematically 
identified based on predicted export sequences. Many studies have looked at P. falciparum gene 
expression, using clinical isolates and culture-adapted parasites (wild-type or with perturbations), 
a small number have identified gene modules that function in invasion and growth, but none have 
expression data from clinical strains to identify gene modules relevant during disease (Date and 
Stoeckert, 2006; Hu et al., 2010). Finally, we apply analytical methods similar as those used at 
the  genome  level  above  on  a  small  gene  family  called  the  Plasmodium  Helical  Intersperced 
Subtelomeric gene family a (phista) to characterize the role of phista genes in the pathogenic 
process of cytoadherence. Through these studies we aim to show the importance of antigenic 
secretion in the pathogenesis of P. falciparum parasites. 
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I.  Introduction 
The  apicomplexan  phylum  consists  of  obligate  intracellular  parasites  of  a  wide  variety  of 
vertebrate hosts. Apicomplexan parasites include Cryptosporidium and Toxoplasma, as well as 
the blood parasites Babesia and Plasmodium. The phylum is named after an apical organellar 
complex  that  specializes  in  secretion.  This  'apical  complex'  includes  specialized  sub-cellular 
secretory  structures  such  as  the  micronemes,  rhoptries  and  dense  granules  that  sequentially 
release their contents during egress, host cell attachment and invasion. To achieve replication 
and evasion of host immune surveillance, these parasites modulate the host cellular environment 
by  secretion  of  proteins  into  the  host  cell.  Plasmodium  and  Cryptosporidium  parasites  are 
permanently engulfed by a parasitophorous vacuole membrane (PVM), making this a particularly 
complicated  challenge,  whereas  the  structure  disappears  very  early  in  the  Babesia 
intraerythrocytic cycle and in Theileria (Asada et al., 2012; Lingelbach and Joiner, 1998). 
  The  human  malaria  parasite,  Plasmodium  falciparum,  is  by  far  the  most  intensively 
studied system among Apicomplexa with regard to protein secretion and export into the host cell. 
Signal requirements and trafficking routes for exported proteins have been characterized in some 
detail, whereas export pathways in other genera remain unknown. In Plasmodium, a bipartite 
signal  consisting  of  a  classical  N-terminal  eukaryotic  signal  sequence  followed  by  a  novel 
pentameric  motif  with  the  consensus  sequence  RxLxE/Q/D  has  been  defined  as  a  functional 
domain required for the export of parasite proteins into the host cell (Hiller et al., 2004; Marti et 
al., 2004). The motif has been termed PEXEL (Plasmodium Export Element (Marti et al., 2004)) 
or  HTS  (Host  Targeting  Signal  (Hiller  et  al.,  2004)).  Subsequent  identification  of  a  parasite-
derived  putative  translocon  complex  in  the  PVM  (de  Koning-Ward  et  al.,  2009),  as  well  as 
phosphatidylinositol-3-phosphate (PI3P) recognition (Bhattacharjee et al., 2012b) by the motif and 
proteolytic cleavage via a parasite protease (Boddey  et  al.,  2010;  Russo  et  al.,  2010)  at the 
parasite endoplasmic reticulum, demonstrate the existence of a genuine signal-mediated protein 
export pathway in Plasmodium. The presence of a bipartite signal for protein secretion and export 
also facilitated systematic characterization, classification and comparative analysis of the parasite 
“exportome” (Sargeant et al., 2006). 	 ﾠ 37	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  Using Plasmodium as a template we aimed to identify signals required for protein export 
in other apicomplexan parasites. For this purpose we performed a comparative in silico analysis 
of  protein  secretion  and  export  across  ten  apicomplexan  parasite  species,  representing  five 
genera  differing  significantly  in  lifestyles.  Specifically,  we  analyzed  the  available  genome 
sequences of Babesia bovis, Theileria parva, Toxoplasma gondii and Cryptosporidium parvum. 
This  analysis  predicted  the  presence  of  PEXEL-like  motifs  in  a  subset  of  Babesia  and 
Cryptosporidium  proteins.  We  demonstrate  that  core  motifs  from  both  Babesia  and 
Cryptosporidium  are  required  for  proper  protein  export  when  expressed  in  transgenic 
Plasmodium  parasites.  Moreover,  we  show  in  transgenic  Babesia  parasites  that  a  complete 
export  domain,  including  the  core  motif  and  flanking  regions  is  required  for  proper  regulated 
protein trafficking and export via the spherical body, demonstrating presence of a genuine signal-
mediated export pathway in Babesia. Based on these findings a model is presented suggesting 
step-wise evolution of protein export pathways in the apicomplexan lineage. 
 
II.  Results 
A.  Definition of apicomplexan secretomes 
 
As a first step for the identification of putative signals involved in protein export in Apicomplexa, 
we  defined  the  set  of  proteins  predicted  or  known  to  enter  the  secretory  pathway  (i.e.,  the 
secretome) in the species where annotated genome sequences were available. The secretome 
was  estimated  based  on  the  presence  of  a  known  or  predicted  N-terminal  signal  peptide. 
Components of the core secretory machinery were removed from further analysis by information 
inferred from subcellular localizations of homologous proteins in the SwissProt database. The 
genomes analyzed included T. parva, B. bovis, T. gondii and C. parvum, and for comparison the 
genomes of six Plasmodium species, P. falciparum, P. vivax, P. knowlesi, P. chabaudi, P. yoelii 
and P. berghei, were included. The entire set of secreted proteins was clustered into families 
using the Markov-based method TribeMCL (Enright et al., 2002). With this method 331 families 	 ﾠ 38	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comprised  of  secreted  proteins  with  more  than  five  members  each  were  identified,  with  the 
majority being in Plasmodium parasites. The largest families of secreted proteins are part of the 
PIR superfamily of exported Plasmodium antigens (Janssen et al., 2004). Large non-Plasmodium 
families include the variant erythrocyte surface antigen (VESA) family in Babesia (O'Connor et al., 
1997), a family of exported Theileria antigens with FAINT (Frequently associated with Theileria) 
domains  (Schmuckli-Maurer  et  al.,  2009)  and  a  large  family  of  SAG-related  parasite  surface 
antigens termed SRS in Toxoplasma (Jung et al., 2004).  
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Figure 2- 1: Protein secretion and trafficking in Apicomplexa. A. Diversity of secreted protein 
families across Apicomplexa. Families are ranked by the number of paralogs and colored by 
species.  B.  Abundance  of  secreted  proteins  across  Apicomplexa.  Total  number  of  secreted 
proteins per species.  
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A.  Identification of a PEXEL-like motif in Babesia and Cryptosporidium  
 
To identify sequence motifs or domains potentially involved in protein export we first scanned the 
apicomplexan secretomes for enrichment of any conserved sequence downstream of the signal 
sequence and within the first 150 amino acids from the N-terminus. This analysis only yielded the 
Plasmodium  PEXEL  motif.  Next  we  specifically  searched  the  secretomes  for  enrichment  of 
PEXEL or PEXEL-like motifs within the same protein region downstream of the N-terminal signal 
sequence. Specifically, we quantified the enrichment of motifs by comparing the occurrence with 
the average frequency in the same protein sets after permutation. This analysis demonstrated the 
presence of a PEXEL-like motif, Rx(x)L in Babesia that occurs more than a hundred times above 
permutated  background  (p<0.01).  A  similar  motif  search  and  permutation  test  also  showed 
enrichment  for  a  PEXEL  motif,  RxLxE  in  Cryptosporidium  (p<0.01).  Importantly,  both 
Cryptosporidium and Babesia motifs are positionally conserved in the N-terminus of the protein 
and downstream of the signal sequence, as is the case for the RxLxE/D/Q motif in Plasmodium, 
suggesting analogous function. In contrast, we did not identify any enrichment of a positionally 
conserved motif in Theileria or Toxoplasma (Figure 2-2A).  
  Our secretome analysis suggested that Cryptosporidium lacks large family expansion in 
secreted proteins (Figure 2-1). Likewise, the Cryptosporidium PEXEL-like motif RxLxE is present 
in only 15 proteins within the secretome (Figure 2-2C). Most gene families in Cryptosporidium 
have unknown function except the genes encoding Mucin, Insulinase and oocyst wall proteins. 
The  few  proteins  with  a  predicted  PEXEL-like  motif  are  scattered  across  several  small 
Cryptosporidium  families  previously  classified  as  SKSR,  FLGN  and  MEDLE.  As  no  efficient 
system for reporter expression in intracellular Cryptosporidium parasites yet exists, we tested 
whether  the  PEXEL-like  motif  of  two  Cryptosporidium  proteins  (a  protein  containing  a  DnaJ 
domain and a hypothetical protein) can mediate secretion of a YFP reporter into the host RBC in 
Plasmodium. Indeed, in both cases the YFP fusion protein was exported into the host cell (Figure 
2-2B).  These  initial  experiments  suggest  functionality  of  the  Cryptosporidium  motif  in  a 
heterologous  context.  Systematic  evaluation  of  this  putative  signal  is  required  to  determine 
whether it indeed represents part of a novel Cryptosporidium export pathway. 	 ﾠ 41	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  Like  Plasmodium,  Babesia  infects  RBCs,  and  both  lineages  show  expansion  of  large 
membrane-bound proteins transported to the host cell surface. These are the variant PfEMP1 
antigens in P. falciparum and the variant VESA antigens in Babesia (Leech et al., 1984; Allred et 
al., 1993). The proteins of these 2 families also share structural similarities in that they lack an N-
terminal signal sequence but contain a single internal transmembrane domain. In both cases 
orientation and mode of translocation into the ER remain unclear. After VESA1, smORF is the 
second  largest  protein  family  in  B.  bovis  (Brayton  et  al.,  2007).  Although  smORF  genes  are 
interspersed among ves gene clusters in the genome, no evidence for their transcriptional co-
regulation  with  ves  genes  has  been  found  (Brayton  et  al.,  2007;  Ferreri  et  al.,  2012).  Their 
extreme variability suggests involvement in antigenic variation, but the subcellular localization of 
smORF proteins has yet to be critically determined (Brayton et al., 2007; Ferreri et al., 2012). 
SBP2 is the third largest protein family in B. bovis, localizing first to spherical bodies before being 
associated with the cytoplasmic side of the RBC membrane (Dowling et al., 1996).  
We  identified  a  positionally  constrained  PEXEL-like  motif  in  multiple  paralogs  of  the 
smORF and the SBP2 families, as well as several additional proteins, but not in VESA (Figure 2-
2C). Additional PEXEL containing proteins include the secreted spherical body protein, SBP1, 
and a family of putative membrane proteins of which SBP1 is a member (Morahan et al., 2011; 
Brayton et al., 2007). Additional single copy proteins that are related to neither smORF nor SBP2 
include the two secreted spherical body proteins, SBP3 and SBP4 (Struck et al., 2008; Terkawi et 
al., 2011), and a few hypothetical proteins. Altogether, our analysis demonstrated that all known 
secreted spherical body proteins and a significant number of as yet uncharacterized proteins 
harbor a PEXEL-like motif in B. bovis. To ask whether there are conserved properties within the 
region of the PEXEL motif, the charge and hydrophobicity pattern of the motif and its flanking 
regions were analyzed. A computational method was designed to calculate the average charge 
and hydropathy patterns from a group of sequences so that positive charge, negative charge, and 
hydropathy characteristics can be assessed simultaneously. Sequence alignments with the N-
termini of smORF and the SBP2 cluster, respectively, revealed that in both cases the motif is 
flanked  by  consistently  patterned  stretches  of  positively  charged,  negatively  charged,  and 	 ﾠ 42	 ﾠ
hydrophobic amino acids (Figure 2-2C). Therefore, we propose that it is more appropriate to 
consider the Babesia PEXEL-like motif as part of a larger, definable “export domain” downstream 
of the signal sequence.  
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Figure  2-  2:  Identification  and  analysis  of  putative  export  motifs  in  Babesia  and 
Cryptosporidium. A. Occurrence of conserved domains in the N-terminus of Babesia and 
Cryptosporidium proteins. Left panel: Babesia and Cryptosporidium but not Toxoplasma and 
Theileria show enrichment of an Rx(x)L and an RxLxE motif, respectively, when compared to a 
permuted data set. The occurrence of the conserved motifs and the permuted set is plotted. P. 
vivax serves as a positive control. Right Panel: Plotting the amino acid position of the putative 
motifs demonstrates positional conservation in Babesia and Cryptosporidium but not in Theileria 
and Toxoplasma. B. The Cryptosporidium PEXEL-like motif. Top panel: Protein families with 
PEXEL-like motif. Cryptosporidium does not show significant expansion of secreted proteins, less 
than 20 proteins are predicted to have an RxLxE motif. Middle panel: Sequence and charge 
composition  of  the  Cryptosporidium  PEXEL-like  motif.  Bottom  panel:  Expression  of  the 
Cryptosporidium export motif in P. falciparum. The N-termini of the CGD3 (a DnaJ homolog) and 
CGD2 (a hypothetical protein), respectively, were expressed as YFP fusions in transgenic P. 
falciparum parasites. Protein export into the host cell was monitored across the asexual parasite 
cycle. The left panel shows representative images from early (ring), developing (trophozoite) and 
late (schizont) stage parasites. The right panel shows quantification of reporter localization during 
development.  At  ring  stages,  the  signal  is  confined  to  the  parasites,  while  the  reporter  is 
increasingly secreted into the host cell in trophozoite stages and the majority localizes to the host 
cell in mature schizont stages. C. The Babesia PEXEL-like motif. Top panel: Protein families 
with  PEXEL-like  motif.  Babesia  has  significantly  expanded  the  smORF  and  SBP2  families. 
Bottom panel: Sequence and charge composition of the Babesia PEXEL-like motif. Shown are a 
sequence alignment of representative proteins, as well as a logo and a charge composition plot of 
the smORF family and SBP2 protein cluster.  
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Figure 2- 2 continued: Identification and analysis of putative export motifs in Babesia and 
Cryptosporidium. 
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Figure 2-  2 continued: Identification and analysis of putative export motifs in Babesia and 
Cryptosporidium.  
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B.  Characterization of a Babesia host-targeting pathway 
 
To determine whether the putative PEXEL-like motif is involved in protein export into the host cell 
we fused N-terminal portions of Babesia proteins to YFP and localized the reporter in B. bovis 
parasites. Direct observation of live parasites was not informative, as GFP fails to fluoresce within 
the bovine erythrocyte when exported by B. bovis (not shown); reasons for this are not clear. 
Therefore,  an  immunofluorescence  assay  (IFA)  using  anti-GFP  antibody  was  employed  to 
localize  fusion  proteins  (Figure  2-3A).  Control  experiments  were  also  performed  to  confirm 
specificity  of  GFP  labeling  (Figure  S1A).  Transgenic  parasites  expressing  native  N-termini, 
including the entire “export domain” of SBP2 and two smORF paralogs fused to YFP, showed 
strong  reporter  labeling  in  the  parasite  in  early  parasite  stages  (Figure  2-3A).  Later  during 
development, the reporter was increasingly present in the host cell but appeared to be almost 
solely clustered in punctate structures. The localization of the YFP fusions was further defined at 
the  ultrastructural  level,  by  immunoelectron  microscopy  (immunoEM)  experiments,  using  GFP 
antibodies and asynchronous B. bovis parasites (Figure 2-3B). In IFA experiments, few intensely 
fluorescent spots were observed within the parasites (Figure 2-3A white arrows).  By immunoEM 
most of the fusion protein was correspondingly observed within large vesicular organelles in the 
meront  stage  (Figure  2-3B  white  arrows,  and  inserts  I  and  II).  Based  on  the  morphologic 
characteristics  of  a  location  between  the  nucleus  and  apical  end  with  its  rhoptries  and 
micronemes,  electron  density  similar  to  that  of  the  infected  RBC  cytoplasm,  homogeneous 
density, spherical shape, and approximately 100 - 300 nm diameter, we conclude that these are a 
babesial organelle referred to as “spherical bodies” (Terkawi et al., 2011). In some cases the 
reporter was also found in small vesicles at the parasite periphery, probably en route to the host 
cell  (Figure  2-3B,  insert  II  black  arrows).  In  later  stages,  gold  particles  were  localized  to  the 
infected RBC membrane and sometimes to vesicles within the host RBC (Figure 2-3B, inserts III 
and IV white arrowheads). In the absence of spherical bodies, trophozoites showed host cell 
membrane labeling only, whereas a non-transfected parasite control was completely negative for 
GFP  antibody  staining  (Supplementary  Figure  S1B)  (Dowling  et  al.,  1996).  Altogether,  these 	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experiments indicate that the YFP fusion proteins are targeted to and accumulate within spherical 
bodies before being exported into the host cell and to the erythrocyte plasma membrane during 
intracellular development of the parasite.  
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Figure  2-  3:  Analysis  of  smORF-YFP  and  SBP2-YFP  expression  in  transgenic  Babesia 
parasites. A. IFA analysis of reporter expression. In all experiments, representative Images 
were captured across the Babesia RBC cycle. IFA demonstrates that both smORF-YFP fusions 
as well as SBP2-YFP show reporter labeling in the parasite and in multiple punctuate structures 
in the host cell and close to the surface membrane. Early meront stages show only parasite 
labeling, mainly at the apical end, while later stages show increasing labeling in the host cell. B. 
Immunoelectron  microscopic  analysis  of  smORF1-YFP  and  smORF2-YFP  distribution. 
Staining  with  GFP  antibodies  shows  major  concentration  of  the  reporter  in  apical  organelles 
reminiscent of spherical bodies (white arrows). Later stages also show clusters of gold particles at 
the iRBC surface membrane (white arrowheads). Inserts show magnified sections of parasites 
with putative spherical body labeling (inserts I and II), as well as parasite vesicles (BII), as well 
internal RBC membrane (insert III) and RBC surface membrane labeling (insert IV). 
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  To determine whether the PEXEL-like motif is required for targeting to spherical bodies 
and/or protein secretion into the host cell we generated a modified N-terminus for the smORF1 
fusion  protein,  replacing  the  PEXEL-like  motif  with  Alanines  (RxxL  to  AAAA  YFP  fusion).  In 
analogy  to  Plasmodium,  we  hypothesized  that  absence  of  the  motif  would  result  in  default 
secretion  into  the  host  cell.  IFA  showed  significantly  reduced  labeling  in  the  parasite  and 
enhanced labeling of the iRBC, suggesting different export kinetics or efficiency compared to 
wild-type  smORF1  (Figure  2-4A).  ImmunoEM  microscopy  demonstrated  that  the  reporter 
localized to spherical bodies but was often observed in smaller vesicles in the parasite (Figure 
4A, inserts II-IV).  Frequently, clusters of gold particles were found at the periphery of the parasite 
and at the parasite host interface (Figure 2-4A, insert DII: black arrows). Together these data 
suggest that a significant proportion of the reporter is targeted to the host cell, either directly 
through an alternative export route, or through the spherical bodies, but with reduced retention. 
To further investigate this phenotype we generated an additional series of mutants where we 
fused only the signal sequence (SS) to YFP (Figure 2-4B). In the transgenic lines expressing SS-
YFP fusions of smORF1, smORF2 and SBP2 spherical body localization of the reporter was 
nearly  abrogated  whereas  localization  to  the  red  blood  cell  compartment  appeared  to  be 
essentially  quantitative  by  IFA.  These  data  suggest  that,  in  the  absence  of  any  organellar 
retention  signal  secretion  into  the  host  cell  represents  the  default  pathway  in  Babesia.  The 
experiments also suggest contribution by export domain sequences flanking the PEXEL-like motif 
in spherical body targeting as the smORF1 Alanine mutant shows an intermediate phenotype 
rather than complete rerouting of the reporter to the default pathway.  
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Figure 2- 4: Analysis of transgenic Babesia parasites expressing mutant N-termini fused to 
YFP.  A.  RxxL  to  AAAA  YFP  fusion  of  smORF1.  IFA  analysis  suggests  major  reporter 
distribution  in  punctuate  structures  in  the  iRBC,  whereas  little  to  no  labeling  is  observed  in 
parasites.  Likewise  immunoelectron  microscopy  shows  significantly  reduced  GFP  labeling  in 
spherical bodies (white arrows) and strong localization to RBC membranes (white arrow heads). 
Importantly, parasites show multiple clusters of gold particles outside of spherical bodies, some of 
them are at the host parasite interface (inserts BII - BIV: black arrows). B. SS-YFP fusions of 
smORF proteins and SBP2. IFA shows strong reporter labeling in the host cell in all three lines 
and complete absence of parasite localization, even in early parasite stages.  
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C.  The Babesia PEXEL-like motif exports a reporter in transgenic Plasmodium 
falciparum 
The experiments in transgenic Babesia suggested that a PEXEL-like motif is required for efficient 
targeting  of  the  reporter  to  spherical  bodies,  which  are  not  described  in  Plasmodium.  To 
determine  whether  this  motif  can  functionally  complement  the  Plasmodium  PEXEL  motif,  we 
expressed  a  series  of  fusion  proteins  in  P.  falciparum  parasites.  For  this  purpose  we  first 
expressed YFP fusions of the native SBP2 and two smORF N-termini, including the PEXEL-like 
motifs, in transgenic P. falciparum. IFA localization and quantification thereof demonstrated in all 
three cases that the native Babesia N-terminus is sufficient for protein export in this heterologous 
context  (Figure  2-5A).  Co-localization  experiments  with  the  Maurer’s  cleft  marker  Skeleton-
binding protein 1 (SBP1) revealed that during later stages the smORF2-YFP fusion was targeted 
to  these  parasite-induced  membrane  structures  within  the  host  RBC.  In  order  to  determine 
whether  the  PEXEL-like  motif  itself  is  required  for  export  in  P.  falciparum,  we  generated 
transgenic P. falciparum parasites expressing alanine mutants of the smORF1 and smORF2 core 
motif  (RxxL  to  AAAA).  Both  mutant  smORF  -YFP  fusions  showed  a  localization  pattern 
suggesting  accumulation  at  the  level  of  PV  or  PVM  (Figure  2-5B).  Together  these  data 
demonstrate  that  the  Babesia  export  domain  with  the  intact  core  PEXEL-like  motif  can 
functionally complement the Plasmodium export pathway.  
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Figure 2- 5: Experimental validation of the Babesia PEXEL-like export motif function by 
heterologous expression in P. falciparum. A. Native N-termini fused to YFP. smORF-YFP 
and  SBP2-YFP  fusions  are  efficiently  exported  into  the  host  cell.  The  smORF2-YFP  fusion 
localizes to punctuate structures; IFA shows co-localization with the Maurer’s cleft marker SBP1. 
B. Mutant N-termini fused to YFP. RxxL to AAAA mutant lines of smORF1-YFP and smORF2-
YFP  show  a  complete  block  of  protein  export.  In  all  lines  except  for  the  mutants,  reporter 
localization was quantified across asexual development by analyzing > 50 cells per line.  
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III.  Discussion 
 
The  identification  and  functional  characterization  of  a  signal-mediated  export  pathway  in 
Plasmodium has finally provided a mechanistic explanation for the secretion of multiple parasite 
antigens into the host RBC. Here we present first evidence of a novel host-targeting pathway in 
Babesia and its implications for the evolution of protein secretion in apicomplexan parasites.  
  Plasmodium proteins targeted to the host cell harbor a PEXEL motif (or a functionally 
equivalent motif in the case of a few PEXEL-negative exported proteins) for translocation across 
the PVM (Boddey et al., 2013; Hiller et al., 2004; Marti et al., 2004; Gruring et al., 2012). In the 
absence of any additional signal, reporter proteins fused to an N-terminal signal sequence are 
targeted to the PV, suggesting that secretion to the PV is the default pathway in Plasmodium 
(Marti et al., 2004; Waller et al., 2000; Wickham et al., 2001). How does selective secretion into 
the  host  cell  work  in  other  Apicomplexa,  including  those  lacking  a  permanent  PVM  such  as 
Theileria  and  Babesia?  To  answer  this  question  we  attempted  to  identify  and  functionally 
investigate  sequence  motifs  downstream  of  the  signal  sequence  of  secreted  proteins  in 
apicomplexan  parasites  Cryptosporidium  parvum,  Toxoplasma  gondii,  Theileria  parva  and 
Babesia bovis. In silico  identification and analysis of the secretomes from these four species 
revealed  the  presence  of  a  positionally  conserved  PEXEL-like  motif  in  a  subset  of 
Cryptosporidium  and  Babesia  proteins,  but  not  in  Theileria  and  Toxoplasma.  This  was 
unexpected as Babesia is more closely related to Theileria than to Plasmodium (Cornillot et al., 
2012; Kappmeyer et al., 2012). Notably, a recent in silico analysis of Babesia proteins did not 
identify any conserved sequence motifs in exported proteins, indicating the difficulty of finding 
such sequences (Gohil et al., 2013). Thus, a lack of PEXEL-like sequences in Theileria does not 
necessarily imply a lack of protein export to the host cell.  
  Both  Babesia  and  Plasmodium  invade  and  replicate  within  RBCs.  However,  a 
fundamental difference in the biology of these two parasites is that the membrane surrounding 
the  parasite,  the  PVM,  is  maintained  throughout  the  developmental  cycle  in  Plasmodium  but 
disappears within minutes after invasion in Babesia (Asada et al., 2012).  Clearly, both similarities 	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and differences may be expected in the export of proteins to the host because of this difference. 
Analogous to the Maurer’s clefts and knob structures in Plasmodium, membranous structures 
presumed to be of parasite origin are found within the RBC cytoplasm, and structures functionally 
analogous to the “knobs” formed by P. falciparum may be formed on the host cell surface by B. 
bovis (Hutchings et al., 2007; Rudzinska and Trager, 1977; Wright, 1972, 1973) (c.f., Figures 2-
3B and 2-4A). We have identified in 59 B. bovis proteins a positionally conserved PEXEL-like 
motif preceded by a signal sequence, including all the known secreted spherical body proteins, 
SBP1, SBP2, SBP3 and SBP4. A closely related motif was also found in VESA1 polypeptides, 
which  lack  an  N-terminal  signal  sequence,  but  the  motif  was  not  conserved  within  the  same 
region  and  possesses  a  significant  hydrophobic  patch  (Figure  2-2C).    Functional  analysis  in 
transgenic  B.  bovis  parasites  demonstrated  that  neither  the  hydrophobic  flanks  nor  the  core 
PEXEL-like  motif  is  required  for  targeting  of  a  reporter  to  spherical  bodies  or  subsequent 
secretion into the host cell. However, both appear to be necessary for retention within spherical 
bodies for properly regulated export. Deletion of the entire region including the PEXEL-like motif 
resulted in apparent direct secretion into the host cell without significant accumulation in spherical 
bodies, whereas mutation of the motif with retention of wild type flanking sequences showed an 
intermediate phenotype. The direct secretion is analogous to the default secretion phenotype into 
the PV that has previously been described in Plasmodium. Although VESA1 polypeptides contain 
an analogous domain and motif, they lack an N-terminal signal sequence, and it remains to be 
determined  whether  there  is  any  overlap  between  export  of  VESA1  polypeptides  and  the 
spherical body pathway. 
  A number of exported proteins in apicomplexan parasites are synthesized then stored, 
later being injected into the host cell during the initial invasion process. Examples are injection of 
rhoptry kinases during Toxoplasma invasion, and export of dense granule proteins such as RESA 
upon invasion in P. falciparum (Peixoto et al., 2010; Bokhari et al., 2008; Rug et al., 2004). Based 
on  their  characteristics  Babesia  spherical  bodies  may  be  functionally  equivalent  to  dense 
granules in certain aspects. However, in contrast to dense granules they can release at least 
some of their contents throughout the entire intracellular cycle and not only during or immediately 	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following invasion. In particular, SBP1 and SBP4 appear to be primarily secreted into the host cell 
much  later,  after  division  of  the  parasite  (Morahan  et  al.,  2011;  Terkawi  et  al.,  2011).  Our 
experiments with chimeric fusion proteins similarly demonstrate increased reporter secretion in 
later stages of the cycle (Figure 2-3), and significantly reduced retention and accumulation within 
the spherical body with mutation of the PEXEL-like motif or deletion of the entire export domain 
(Figure  2-4).  These  observations  demonstrate  the  existence  of  a  signal-mediated,  regulated 
export pathway via spherical bodies in Babesia. Differential dynamics of secretion suggest that 
spherical  bodies  facilitate  the  selective,  regulated  release  of  cargo,  and  perhaps  protein 
maturation.  Future  studies  are  required  to  determine  the  function  of  the  core  motif  and  the 
flanking  regions  in  spherical  body  targeting  and  export,  as  well  as  the  mechanism  of  protein 
discharge into the host cell and processes of parasite-induced host cell remodeling.   
  In addition to Babesia our initial secretome analysis also identified a PEXEL-like motif in 
Cryptosporidium. This parasite is at the base of the apicomplexan tree and probably is most 
closely  related  to  Gregarines  (Marti  et  al.,  2003).  Upon  invasion  of  epithelial  cells, 
Cryptosporidium develops as a trophozoite within an extracytoplasmic vacuole that is separated 
from the host cytoplasm by a membrane. Electron dense regions where parasite and vacuolar 
membrane  attach  have  been  suggested  to  represent  transport  channels  for  the  secretion  of 
parasite material into the host cell, but secretion of specific parasite antigens after invasion has 
not been formally demonstrated (Huang et al., 2004). It remains to be determined whether the 
putative  export  motif  in  Cryptosporidium  proteins  targets  them  through  such  a  channel,  or 
whether the signal is required for targeting of proteins to secretory organelles before export into 
the host cell during the process of invasion. Our experiments in P. falciparum suggest that N-
termini of Cryptosporidium proteins possessing a PEXEL-like motif and its flanking regions are 
sufficient  for  export  of  a  reporter  into  the  host  cell.  Recent  successes  in  establishing  a 
transfection protocol in Cryptosporidium will facilitate direct functional analyses in that parasite (Li 
et al., 2009). 
  Functionality of the Babesia export motif in Plasmodium indicates that common principles 
of protein export are likely to hold in the two apicomplexan lineages, despite the key difference 	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with regard to the PVM. Apart from the requirement of a related core motif for protein export both 
systems  appear  to  depend  on  the  presence  of  flanking  regions  with  specific,  consistent 
characteristics. Our experiments demonstrate that these regions are necessary in Babesia for 
efficient retention within the spherical body for regulated release. In Plasmodium, requirement for 
both upstream and downstream flanking sequences in protein export has been demonstrated as 
well (Bhattacharjee et al., 2006; Janssen et al., 2004; Knuepfer et al., 2005). A recent study also 
identified a non-random distribution of hydrophobicity pattern in the PEXEL flanking sequences of 
Rifin, Stevor and PfEMP1 (Hiss et al., 2008). We further investigated the regions flanking the 
Plasmodium  PEXEL  using  a  sliding  window  approach.  Specifically,  we  constructed  a  set  of 
HMMs  using  different  lengths  of  flanking  sequence  to  search  for  positive  signals  in  exported 
proteins harboring a core PEXEL motif, as defined previously (Sargeant et al., 2006). The window 
size and window position with the highest number of hits is suggestive of conserved sequence 
information in the investigated region. The largest number of positive domains was recovered 
when the flanking regions were defined as 40 amino acid residues in length, with 15 amino acids 
upstream towards the signal sequence and 25 amino acids downstream of the core motif (Figure 
2-6A). Non-random sequence distribution in the flanking regions is reflected by local charge bias, 
with  positive  charges  occurring  upstream  and  negative  charges  occurring  in  the  immediate 
downstream sequences flanking the PEXEL motif. This charge pattern appears to be a general 
rule in Plasmodium proteins with a PEXEL core motif, including the membrane-bound Rifin family, 
but it does not apply to PfEMP1. Moreover, this charge distribution is similar to the one in the 
SBP2 and SmORF protein domains in Babesia, whereas the VESA1 polypeptide domains are 
dominated by hydrophobic amino acids. The inexact positioning of the PEXEL or PEXEL-like 
motif relative to the charged patches would suggest that it is the existence of the patches that is 
crucial, perhaps as a part of an electron motive mechanism driving polypeptide transfer across 
the membrane. In analogy to Babesia, it may be more appropriate to think of the entire sequence 
module in Plasmodium as a functional “export domain”. In B. bovis, proteins with a PEXEL-like 
motif are grouped into three clusters, smORF, SBP2, and VESA1, suggesting expansion of each 
family from a small number of founding ancestral exported proteins. Similarly, in Plasmodium all 	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the exported protein families occur in a species- or lineage- specific manner, with the exception of 
a  large  cluster  of  short  soluble  proteins  previously  described  as  PHIST  (Plasmodium  Helical 
Interspersed Subtelomeric (Sargeant et al., 2006)), and a second large cluster represented by the 
PIR superfamily of membrane-bound proteins (Janssen et al., 2004) (Figure 2-6B).  
  We propose herein a stepwise model for the evolution of regulated protein export into the 
host cell among Apicomplexa.  We propose that this capacity began with the initial acquisition of 
the  core  motif  and  subsequent  adaptation  of  export  pathways  within  their  respective  host 
environment. In this model the ancestral function of an export motif (and specific flanking regions) 
in Apicomplexa was to target proteins to secretory organelles. This hypothesis is supported by 
recent  identification  of  a  PEXEL-like  motif  in  a  few  Toxoplasma  proteins  required  for  protein 
targeting to the PVM via dense granules (Hsiao et al., 2013). While Toxoplasma does not appear 
to translocate proteins across the PVM, our data in Babesia support the idea that a specific signal 
is required for efficient organelle trafficking and retention, even in the absence of a permanent 
PVM, as proteins would otherwise be secreted into the host cell by default. The presence of a 
permanent PVM in Plasmodium has selected for the evolution of at least one, and possibly more, 
translocon-mediated pathways in order to facilitate efficient protein export into the host cell. Our 
heterologous expression experiments in P. falciparum suggest that a key step in export via a 
translocon  remains  functionally  interchangeable  with  sorting  to  an  apical  organelle  in  other 
Apicomplexa.  In  Plasmodium,  most  exported  proteins  do  not  appear  to  undergo  organellar 
staging, the parasite instead relying on transcriptional regulation to control the timing of protein 
export during development.  In B. bovis, which has a much less well-defined cell cycle, regulation 
of  export  may  occur  primarily  through  organellar  staging  and  timed  release  (Franssen  et  al., 
2003). If the ancestral state were to degrade the PVM after invasion, as is the case in Babesia 
and Theileria, the question arises as to the added benefit of retaining and expanding it, as occurs 
in Plasmodium. Lack of a PVM may facilitate more efficient soluble nutrient uptake, whereas the 
presence  of  a  PVM  may  allow  selective  import  of  host  products  such  as  hemoglobin,  but 
necessitates the establishment of highly selective machinery for protein export and perhaps more 
extensive transcriptional regulation.  	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Figure  2-  6:  Revisiting  the  Plasmodium  PEXEL  and  the  evolution  of  protein  export  in 
Apicomplexa. A. Analysis of PEXEL flanking sequences defines an “export domain. Top 
panel: Defining a Plasmodium export domain. A sliding window HMM screen was applied to test 
enrichment  in  variable  sequence  sizes  flanking  the  PEXEL  motif.  The  exportome  as  defined 
previously based on presence of a PEXEL motif (Sargeant et al., 2006) was used as an input. 
Bottom panel: Sequence and charge composition of the export domain. The Plasmodium spp 
logo plot represents all proteins with predicted PEXEL domain across Plasmodium. The basic 
residues are colored blue, acidic residues red, and hydrophobic green. Protein charge profiles are 
calculated with a sliding window approach with the EMBOSS program protein charge analysis. 
The  average  charge  distribution  of  export  domains  is  plotted.  B.  Occurrence  of  exported 
protein families across Plasmodium. Plasmodium families encoding secreted proteins (with > 
5 paralogs) were used as input. Only the exported PHIST and PIR super families have members 
across  all  Plasmodium  species,  apart  from  the  merozoite  surface  protein  families  MSP1  and 
MSP7,  and  the  PVM  family  etramp.  C.  A  model  on  the  evolution  of  protein  export  in  a 
common ancestor of Plasmodium and Babesia. The ancestral apicomplexan export pathway 
targets proteins to specific secretory organelles. In Toxplasma, proteins with a PEXEL-like motif 
are targeted to the PVM via dense granules (Hsiao et al., 2013), while they are exported into the 
host cell in Babesia and Plasmodium. In Plasmodium, the core machinery for motif recognition 
and trafficking to secretory organelles is also functional for protein targeting to the host cell via a 
dedicated translocon in the PVM. 
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Figure 2-  6:  continued:  Revisiting the Plasmodium  PEXEL and the evolution of protein 
export in Apicomplexa.  
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IV.  Materials and Methods 
 
Plasmids 
All P. falciparum expression plasmids are based on pHHK(+)YFP (Marti et al., 2004). Sequences 
encoding target N-termini were amplified from genomic DNA of B. bovis strain C9.1 (for SBP2 
and  2  smORF  genes)  and  from  C.  parvum  Iowa  II  isolate  oocysts  (for  cgd2_2530  and 
cgd3_2690), using Phusion DNA polymerase (New England BioLabs, Ipswich MA). Amplicons 
were digested with NotI and AvrII and cloned into pHHK(+)YFP, replacing the sequence encoding 
the KAHRP N-terminus.  
The Babesia  expression vector is also based on pHHK(+)YFP. However, the hDHFR 
expression cassette was removed with HindIII, and the PfHSP86 promoter driving the trafficking 
cassette was replaced with the bidirectional 434 bp intergenic region derived from the locus of 
active  ves  transcription  of  B.  bovis  (Levy  and  Ristic,  1980).  After  replacement,  this  promoter 
drives  expression  of  the  trafficking  cassette  in  one  direction  and  in  the  other  a  blasticidin-S-
deaminase (bsd) cassette (including the B. bovis b-tubulin terminator region). This expression 
vector  is  termed  pBab-Exp.  Babesia  sequences  encoding  N-terminal  trafficking  signals  were 
inserted upstream of the YFP gene using the NotI and AvrII sites, replacing sequence encoding 
the KAHRP N-terminus.  
 
In vitro culture and transfection of P. falciparum and B. bovis parasites 
The P. falciparum 3D7 reference line was used in this study. Parasites were cultivated under 
standard conditions in O+ human erythrocytes in RPMI 1640 supplemented with human serum to 
a final concentration of 10%, and gassed with 5% CO2 and 0.5% O2 in N2 at 37°C as described 
(Trager  and  Jensen,  1976).  Parasites  were  transfected  with  50-100  µg  of  plasmid  DNA  by 
electroporation  (0.310  kV,  950  mF),  and  transgenic  parasites  selected  by  addition  of  5µM 
WR99210, as described (Wu et al., 1996).  
The  B.  bovis  CE11  strain  (O'Connor  and  Allred,  2000)  was  cultured,  using  the 
microaerophilous stationary phase system (Levy and Ristic, 1980), under 5% O2 and 5% CO2 in 	 ﾠ 62	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N2 at 37°C, as described elsewhere (Allred et al., 1993). Parasites were grown in single-donor 
bovine erythrocytes, in medium supplemented with 40% (v/v) bovine serum from the same donor. 
For  transfection,  cultures  at  5  -  10%  parasitized  erythrocytes  were  collected,  washed  into  1x 
Cytomix buffer (Allred et al.,  1993), and prepared as 50% packed cell volume suspension in 
Cytomix  buffer.  The  cell  suspensions  were  transfected  with  50-55  mg  of  plasmid  DNA  by 
electroporation  1.25  kV,  25  mF,  and  200  Ω  resistance)  Cells  were  collected  into  complete 
Babesia culture medium (Vega et al., 1986) at 2.5% hematocrit (normal bovine erythrocytes). 
After 8 hours, blasticidin-S was added to a final concentration of 25 mM, and parasites were 
maintained under drug selection thereafter. Parasites typically emerged after approximately  1 
week. 
 
Microscopy 
Transgenic P. falciparum parasites were analyzed live by epifluorescence microscopy, using an 
inverted  microscope  with  differential  interference  contrast  (DIC)  (Zeiss;  Jena,  Germany).  For 
analysis sorbitol synchronized parasites were washed by centrifugation and nuclei stained using 
Hoechst 33342 in PBS for 5 min at 37ºC prior to mounting on glass slides. For each transgenic P. 
falciparum line, 30-50 cells from three stages (ring, trophozoite and schizont) were captured for 
subsequent quantification of protein export dynamics. For co-localization of the smORF2 mutant 
with  SBP1,  parasites  were  analyzed  by  immunofluorescence  analysis  using  fixed  and 
permeabilized cells as described (Tonkin et al., 2009), and polyclonal rabbit anti-SBP1 antibodies 
(Blisnick et al., 2000) at a dilution of 1: 500 were used.  
Transfected B. bovis parasites were washed two times with VYM buffer (Vega et al., 
1986)  by  centrifugation,  then  resuspended  and  observed  live.  Alternatively,  parasitized 
erythrocytes  were  processed  for  fixed-cell  immunofluorescence  as  published  (Tonkin  et  al., 
2004),  with  minor  modifications:  fixative  included  0.012%  of  glutaraldehyde  and  cells  were 
permeabilized  with  0.01%  NP40.    Rabbit  polyclonal  antiserum  to  GFP  was  used  as  primary 
antibody  and  goat  anti-rabbit  IgG-Alexa488  as  secondary  antibody.  Each  line  was 
developmentally asynchronous when processed. Cells were observed with an Olympus BX50 	 ﾠ 63	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microscope equipped for epifluorescence, phase contrast or DIC imaging, using a 100x, NA 1.3 
immersion  oil  objective.  From  30-50  images  were  captured  of  each  transfected  line.  
Immunofluorescence  images  were  processed  by  Wiener  Filter  pre-conditioned  Landweber 
constrained  iterative  deconvolution,  using  a  theoretical  point-spread  function.  The  “Parallel 
Iterative  Deconvolution”  plug-in  for  ImageJ  (P.  Wendykier,  Wolfram  Research,  Inc.; 
https://sites.google.com/site/piotrwendykier/software/deconvolution/paralleliterativedeconvolution) 
was used to perform the mathematical manipulations. 
 
Immunoelectron microscopy 
Bovine red blood cells infected with B. bovis were concentrated, frozen by high-pressure freezing, 
and  freeze-substituted  for  24  h  at  -80ºC  with  anhydrous  acetone  containing  0.25%  (v/v) 
glutaraldehyde and 0.1% uranyl acetate.  Samples were slowly warmed to -20ºC over a 48 h 
period, and washed 4 times with 100% ethanol.  Cells were infiltrated at -20ºC with LR White 
resin (Ted Pella, Redding, CA) in steps of 33%, 66%, and 100%, over a 24 h period.  Following 
two additional changes of 100% resin, samples were cured in BEEM capsules at 60ºC for 24 h. 
Samples were sectioned, and immunolabeling and electron microscopic imaging were performed 
as described (Kang, 2010). 
 
Annotation of secreted proteins in Apicomplexa 
The  total  annotated  protein  set  of  the  10  apicomplexan  parasites,  Theileria  parva, 
Cryptosporidium parvum, Toxoplasma gondii, Babesia bovis, Plasmodium berghei, Plasmodium 
yoelii,  Plasmodium  chabaudi,  Plasmodium  knowlesi,  Plasmodium  vivax  and  Plasmodium. 
Falciparum, was retrieved from PlasmoDB and subjected to SignalP3.0 prediction (Bendtsen et 
al., 2004). Positive candidates were predicted either by the NN (Neural Network) or the HMM 
(Hidden Markov Model) method, with scores larger than 0.8.  In addition, they were required to 
have a signal sequence cleavage site between 10 and 30 amino acids from the N-terminus, or 
one or two internal transmembranes in case a signal sequence was not predicted. Because all 
known  secreted  proteins  in  Apicomplexa  have  less  than  three  transmembrane  domains, 	 ﾠ 64	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membrane  proteins  with  three  or  more  transmembrane  domains  such  as  transporters  were 
separated  from  the  data  set.  Proteins  targeted  to  mitochondria  or  residing  in  the  ER  were 
removed based on IntroPro hits and/or Swissprot protein homology (BLASTP e value < 1e-5).  
The entire set of secreted proteins was clustered into families using the Markov-based 
method TribeMCL (Enright et al., 2002). With this method 331 families with more than 5 members 
each were identified (the largest ones are shown in Figure 1A),  the  vast  majority  of  them  in 
Plasmodium parasites.  
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CHAPTER III  
 
Transcriptional profiling of genes at the host-parasite interface identifies expression 
modules involved in malaria pathogenesis 
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I.  Introduction 
Malaria is a disease that has claimed the life of over 1.2 million people in 2010 alone (Murray et 
al.,  2012).  This  disease  is  mainly  caused  by  Plasmodium  falciparum,  a  protozoan  parasite 
transmitted by Anopheles mosquitoes. Although a preventable and treatable disease, the growing 
emergence of drug resistance against first line chemotherapies and insecticides, and the lack of 
an  effective  vaccine  make  this  disease  a  global  concern  (WHO,  2012).  In  particular,  the 
complexity  of  this  parasite’s  life  cycle  and  the  gap  in  knowledge  of  a  great  proportion  of  its 
genome render identifying key regulators of pathways involved in pathogenesis a challenge.  
Plasmodium  falciparum  has  a  genome  of  ~5300  genes.  Over  60%  of  the  genome 
remains uncharacterized in part due to the absence of phylogenetic information (Gardner et al., 
2002). However, genes implicated in pathogenesis have been identified and act primarily during 
the erythrocytic stages of infection, in particular in trophozoites and schizonts (Beeson et al., 
2002).  These  two  stages  are  rare  in  human  peripheral  blood  as  they  sequester  in  the 
microvasculature of tissues where they cause pathologies. In falciparum malaria, pathology (and 
by extension clinical outcome) is dependent on multiple factors including parasite pathogenesis, 
host  polymorphisms  and  immune  status  (Miller  et  al.,  2002).  The  parasitic  processes  that 
contribute to pathogenesis include invasion, host-cell remodeling, cytoadherence and immune 
evasion. In disease, invasion can be linked to haemolytic anemia and impaired erythropoiesis via 
the release of malaria toxins from lysis of infected erythocytes in the blood (Miller et al., 2002).  
Host cell remodeling includes increased host membrane rigidity through the incorporation 
of parasite factors, associated with blood vessel occlusion and tissue hypoxia (Glenister et al., 
2002;  Hosseini  and  Feng,  2012).  Other  changes  involve  the  appearance  of  membrane 
protrusions called “knobs”, which act as platforms for the presentation of membrane-anchored 
variant  surface  antigens  called  Plasmodium  falciparum  erythrocyte  membrane  protein  1 
(PfEMP1) (Aikawa et al., 1996; Nagao et al., 2000). PfEMP1 mediate cytoadherence to host cell 
receptors  on  the  endothelium  of  the  microvasculature.  This  results  in  the  sequestration  of 
parasites  in  various  host  tissues  where  they  elicit  local  immune  responses  and  pathological 
sequelae  leading  in  some  instances  to  the  severe  diseases  of  cerebral  malaria  (CM)  in 	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immunologically naïve children or pregnancy-associated malaria (PAM) in pregnant women (Fried 
and Duffy, 1996; Turner et al., 1998). Cytoadherence is mediated by mutual exclusive expression 
of variants of PfEMP1 surface proteins encoded by var genes (Scherf et al., 1998; Su et al., 
1995). Var genes are classified by promoter sequence type and their chromosomal location in 5 
different Ups group: UpsA, B, C, D and E (Lavstsen et al., 2003). While the UpsE var, var2csa, is 
linked to PAM via PfEMP1 binding to chondroitin sulfate A (CSA) in the placenta, UpsA vars are 
linked to CM via intercellular adhesion molecule 1 (ICAM-1) binding in the brain (Avril et al., 2012; 
Claessens et al., 2012; Duffy et al., 2006; Jensen et al., 2004; Lavstsen et al., 2012). The switch 
in PfEMP1 surface expression allows for both sequestration, which enables parasites to grow and 
multiply while escaping spleen-dependent killing and immune evasion (Miller et al., 2002; Smith 
et al., 1995). 
Many parasite factors are known to modify the red blood cell membrane. These factors 
are secreted during invasion or exported in the host cell during growth and form protein-protein 
interaction with components of the RBC cytoskeleton (Maier et al., 2009). Some of these factors 
include the main knob protein, knob associated histidine protein (KAHRP), which binds to alpha-
spectrin repeats, actin and ankyrin (Kilejian et al., 1991; Magowan et al., 2000; Pei et al., 2005). 
KAHRP also binds PfEMP1 and KAHRP
- parasites lack cytoadherence ability (Crabb et al., 1997; 
Waller  et  al.,  1999).  The  mature  parasite-infected  erythrocyte  surface  antigen  (MESA)  binds 
protein 4.1 and the absence of this interaction results in parasite growth defects (Waller et al., 
2002). The ring-infected surface antigen (RESA) released during invasion binds protein 4.1R and 
provides iRBC resistance to febrile temperatures (Da Silva et al., 1994; Pei et al., 2007a; Silva et 
al., 2005). P. falciparum erythrocyte membrane protein 3 (PfEMP3) through its interaction with 
spectrin at a site near actin-protein 4.1R junctions alters the deformability properties of the iRBC 
membrane and the disruption of the encoding loci results in the loss of cytoadherence (Pei et al., 
2007b; Waterkeyn et al., 2000). The identification of these host-remodeling proteins required a 
gene-by-gene targeted approach using some challenging tools, forward and reverse genetics and 
mass  spectrometry.  Recently,  in  an  attempt  to  systematically  identify  proteins  with  similar 
function,  Maier  and  colleagues  selected  a  set  of  genes  based  several  criteria  including  the 	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presence or absence of a Plasmodium Export Element (PEXEL) motif which targets proteins to 
the  host  cell  and  transcriptional  expression  during  the  intra-erythrocytic  lifecycle  followed  by 
functional validation (Hiller et al., 2004; Maier et al., 2008; Marti et al., 2004). Over 80 genes were 
knocked-out  and  17  had  a  phenotype  related  to  cytoadherence,  knob-formation  or  iRBC 
membrane rigidity (Maier et al., 2008). The majority of these hits (76%) are genes containing a 
PEXEL  motif  indicating  the  importance  of  exported  proteins  in  host  cell  remodeling, 
cytoadherence and consequently pathogenesis.  
The functional characterization of single genes in their involvement in pathogenesis is a 
laborious process. Furthermore, understanding the relationship of these genes to one another 
and their role in clinical outcome is challenging. However, previously identification of important 
parasite biological pathways using whole transcriptional profiling has been achieved. In these 
studies,  significant  changes  in  the  expression  of  certain  genes  in  wild  type  parasites  or  in 
response to drug or heat shock showed that predicting gene function with robustness is feasible 
(Date and Stoeckert, 2006; Hu et al., 2010; Oakley et al., 2007). These studies integrated in silico 
and experimental data to generate global and functional relationships between gene products. 
Date and Stoeckert for example in the goal to determine P. falciparum gene function integrated 
phylogenetic, expression, Rosetta stone linkage and mass spectrometry data into a model to 
compute a protein interaction  network  (2006).  This  generated  the  P. falciparum  “interactome” 
(Date and Stoeckert, 2006). They identify sub-networks, or hubs in which uncharacterized genes 
can be functionally linked to a pathway by association. Hu and colleagues on the other hand take 
a more targeted approach (2010).  In order to identify the full set of genes involved in invasion, or 
the  “invadome”,  they  subject  parasites  to  different  growth  inhibiting  compounds  and  create  a 
interaction  network  by  integration  of  phylogenetic,  expression,  domain-domain  interaction 
prediction and yeast-2-hybrid data (Hu et al., 2010).  
The approach used in these studies however may not be suitable for the identification of 
genes involved in processes important in vivo, either modulated in vivo or even only occurring in 
vivo, such as pathogenesis. These genes are likely modulated by factors in the host that are 
absent in culture conditions (i.e. humoral immunity). In fact, gene products involved in antigenic 	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variation can shift expression pattern during cultivation. This phenomenon was observed in var 
genes during culture-adaptation where an overall downregulation of all vars occured just after 10 
days (Peters et al., 2007). Additionally, surface antigens involved in antigenic variations in P. 
knowlesi,  such  as  the  schizont-infected  cell  agglutination  (SICA)  fail  to  be  detected  in 
agglutination experiments when passaged in splenectomised monkeys (Barnwell et al., 1983). 
This is due to the lack of a host immune response, which in spleen intact monkeys would kill all 
circulating infected cells. Thus, the use of expression data generated from parasites sampled 
from malaria-stricken patients to identify pathways such as the invadome is crucial in particular if 
there  is  evidence  of  gene  expression  changes  under  different  environment or shifts in acting 
proteins  within  pathways.  Here,  we  aim  to  define  global  and  local  functional  relationships  of 
genes involved pathogenesis. We use the P. falciparum exportome as a representative list of 
genes  encoding  proteins  at  the  host-parasite  interface  (Boddey  et  al.,  2013;  Sargeant  et  al., 
2006).  Using  large-scale  parasite  in  vivo  expression  data  we  are  able  to  show  that  genes 
encoding  proteins  at  the  host-parasite  interface  are  co-expressed  to  form  functional  modules 
containing known parasite virulence genes. 
 
II.  Results  
A.  Transcriptional profiling of genes at the host-parasite interface 
 
We first sought out to organize the exportome into functional modules of co-expressed genes 
using integration of malaria patient microarray transcriptional data. We selected 129 microarrays 
of  peripheral  blood  samples  from  patients  with  malaria  from  different  African  geographic  and 
transmission areas, Sénégal and Malawi (see Methods). These samples were collected at time of 
admission and therefore are dominantly ring stage parasites.  After normalization, all microarrays 
were integrated.  We then computed normalized Pearson correlations (z-score) of the expression 
of all gene pairs in the transcriptome to generate a global functional network focused on in vivo 
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Within this global functional network, we focused on a subgraph containing genes from 
the  exportome.  We  identified  25  exportome  genes  that  are  constitutively  expressed  (high 
expression  across  most  patients)  and  98  genes  that  are  variably  expressed  (ranging  in 
expression across patients). We then clustered this exportome subgraph into 10 constitutive and 
10 variable modules, which we call “Cons” and “Variable” respectively (Figure 3-1). These 20 
modules have different network properties, ranging from gene family composition, delta z score 
and epigenetic marks of regulation  
 
B.  Properties of constitutive and variable export modules  
 
The export modules range in size (n= [1-35]) and connectivity (Δ= [0.383-2.397]). Connectivity (or 
delta z-score) here is defined as the within module average z-score (average of the correlations 
between all gene pairs within the module) minus the average z-score of gene pairs between 
module  genes  and  the  transcriptome.  It  reflects  the  significance  of  the  connections  within  a 
module as opposed to background.  Most export modules, both Constitutive and Variable, contain 
1-10 genes. Two outliers, Variable modules 6 and 8, contain 21 and 35 genes and have high 
connectivity,  Δ=  1.958  and  1.819  respectively  (Figure  3-1B).  The  export  modules  are  mainly 
composed of genes from the phist, fikk, stevor, rif and hyp families, with a few single-member 
families such as kahrp and garp and other unannotated genes. Interestingly, rifins and stevors 
are predominant in variable modules in particular V6 and V8, whereas members of the other gene 
families are found in both constitutive and variable export modules (Figure 3-1C). One export 
module Cons 6, is composed of 5 exportome genes and has an overall connectivity of Δ= 1.779 
(Figure  3-1B,D).  Members  of  this  module  include  two  genes  which  are  directly  involved  in 
PfEMP1  export  to  the  iRBC  surface  and  abolishment  of  PfEMP1-mediated  cytoadherence, 
MAL7P1.172 and PF13_0076. These genes are 2 of the 6 hits identified in a genetic deletion 
screen of over 80 genes for cytoadherence (Maier et al., 2008).  Another gene of Cons 6 is rex3, 
whose locus is found on a segment of chromosome 9, which is linked to cytoadherence (Day et 
al., 1993) (Figure 3-1B,D). We therefore confirm this module as a cytoadherence module.  	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To  also  identify  genes  that  are  not  predicted  at  the  host-parasite  interface  (i.e.  not 
exported)  but  could  potentially  be  functional  with  export  modules,  we  extended  the  edges 
between export module nodes and nodes in the P. falciparum transcriptome within the in vivo 
integrated  network.  In  doing  so,  we  identified  a  module  linked  to  invasion  (Figure  3-1B,D). 
Merozoite  surface  protein  4,  MSP4,  belongs  to  Variable  module  5  (Δ=  0.383)  whose  other 
members  include  non-exported  genes  such  as  glideosome-associated  protein  50  (GAP50),  a 
known  component  of  the  glideosome  complex  which  powers  merozoite  gliding  motility,  actin, 
actin-depolymerizing factor, calcium-dependent protein kinase 1 (CDPK1) and genes involved in 
energy break-down such as an inorganic pyrophosphatase and P-type ATPase (Baum et al., 
2006). Interestingly, these genes or their paralogs are also present in the invadome identified by 
Hu and colleagues after growth perturbations on in vitro parasite strains (Hu et al., 2010). 
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Figure 3- 1: Generation of export modules and their characteristics. A. Schematic summary 
of the methodology to generate expression modules of genes at the host-parasite interface B. 
Delta z-score vs. module size. Variable modules 1, 2, and 10, which will be used later on for 
validation are shown in pink, gold and green respectively. C. Family composition of constitutive 
and  variable  export  modules.  D.  Examples  of  modules  include  a  module  involved  in 
cytoadherence, “cytoadherence module” (red arrows indicate genes involved in cytoadherence 
(Day et al., 1993; Maier et al., 2008)); gliding motility, “invasion module”; and a module involved in 
antigenic variation, “rifin module”. These three modules are indicated by arrows on the delta z-
score graph in B.	 ﾠ
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C.  Module validation by qRT-PCR in cerebral malaria patients  
 
We then sought to validate variable gene modules by quantitative real time-PCR using peripheral 
blood samples from Malawian children diagnosed with CM (n=30). This is a different cohort than 
the one used for microarrays. These children were enrolled in 2010. They are part of the same 
ongoing study of pediatric malaria in Malawi. Three variable export modules were selected for 
validation based on the following criteria: a) high delta z-score, b) 3D7 in vitro expression of some 
gene members, c) role in cytoadherence, remodeling of the iRBC plasma membrane, or surface 
expression  and d) unknown function. Variable export module 1 included phista (PF14_0752), 
resa-2  (PF11_0512),  phistb  (PFB0900c),  pf70  (PF10_0025)  and phistc  (PF10_0021);  variable 
export module 2 included the surface protein piesp2 (PFE0060w) and phistb (PFB0080c); and 
variable export module 10 included rex4 (PFI1760w) and hyp11 (PFI1750c) (Figure 3-2A). Genes 
within  these  three  modules  were  strongly  correlated  (p-values<  2E-4)  (Figure  3-2B).  We  did 
notice  that  V2  and  V10  were  correlated  to  each  other  and  both  were  anti-correlated  to  V1, 
although this fell below significance (Figure 3-2B).  
To  assess  whether  variable  export  modules  are  co-expressed  with  var  genes,  we 
computed correlations between genes from variable modules 1, 2, 10 and var genes. Although 
UpsA var genes are dominant in this cohort (p<0.0001) as expected for parasites from cerebral 
malaria patients, we did not see any significant correlation between Ups groups and var genes  
(Figure 3-3). 
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Figure  3-  2: Transcriptional  co-expression  of  variable  export  modules  in  P.  falciparum 
parasites from CM patients isolates. A. Transcriptional expression of candidate genes in V1, 
V2 and V10 was determined in 30 CM isolates (x-axis) by qRT-PCR. Each bar corresponds to the 
relative expression of module representative genes for each patient. The expression is shown 
relative  to  the  endogenous  marker,  seryl-t-RNA  synthetase.  B.  Pearson  correlation  of  all 
candidate gene pairs shows co-expression within each module and between V2 and V10 genes. 
The top matrix shows Pearson correlations between all gene pairs. The bottom matric shows 
corresponding p-values. Red signifies higher correlation/p-value. 
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Figure 3- 3: var transcript abundance by Ups group in parasites from CM patients. The 
transcript abundance of Ups A, B and C was determined in parasites from children with cerebral 
malaria collected at admission. Different primer sets were used for each Ups group. Abundance 
is represented as log2 relative expression to seryl-t-RNA synthetase.  In each graph, each data 
point  represents  one  sample,  the  mean  is  shown  with  a  bar.  A  student  t-test  was  used  to 
determine differences in the means. *** p<0.0001. No significance was reached when comparing 
UpsA using the A1 primer set to UpsB or C.  
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D.  Module validation by qRT-PCR in an in vitro model of cerebral malaria  
	 ﾠ
Previous studies show that parasites selected on human brain microvascular endothelial cells 
(HBMEC) upregulate the expression of a subset of UpsA-like var genes, which are also dominant 
in circulating parasites from children with CM (Avril et al., 2012; Claessens et al., 2012; Lavstsen 
et  al.,  2012).  These  HBMEC-selected  parasites  can  also  bind  other  human  tissues  such  as 
pulmonary and cardiac microvascular endothelial cells, HPMEC and HCMEC respectively (Avril 
et al., 2012). Parasites selected on human tissues can therefore be used as an in vitro model of 
CM. Thus, we surveyed the expression of variable modules in an in vitro model of CM using ring 
stage parasites that were panned on HBMEC and further selected on HPMEC (Figure 3-4A).  We 
also used two cell lines, R29 and PF13 that were independently selected for rosetting. These 
rosetters  upregulate  UpsA  var  genes  (Janes  et  al.,  2011).  These  parasite  lines  were  kindly 
provided by Dr. Smith (Seattle Biomedical Research Institute). Here, variable modules overall 
correlated less than in CM patients, especially variable module 10 (V1 p-values>0.002; V2 p-
value= 0.004; V10 p-value=0.125) (Figure 3-4B). Of notice, two genes in V1, phista (PF14_0752) 
and resa-2 (PF11_0512), did not correlate with the rest of genes in this export module (p-values> 
0.235)  suggesting  that  these  two  genes  may  be  differentially  regulated  from  the  rest  of  the 
module. The fact that we could not reconstitute with high significance variable export modules in 
panned  lines  indicates  that  they  are  modulated  in  vivo.  This  also  confirms  the  significant 
expression correlation that exists between these genes in their respective modules as defined by 
using in vivo co-expression data. 
To understand the lack of correlation between genes in these 3 variable export modules 
and var genes, we also checked for var transcript abundance by Ups group. However, no Ups 
group (A, B or C) is dominant in these selected lines (Figure 3-5). We suspect that this lack of 
selection for the dominance of one var group is due to culturing as described by others previously 
and this also has similar effect on the selection of variable export modules in vitro (Peters et al., 
2007). 
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Figure 3- 4: Transcriptional co-expression of variable export modules 1, 2 and 10 in P. 
falciparum parasites with cytoadhesive properties. A. Transcriptional expression of candidate 
genes in V1, V2 and V10 was determined in 6 parasite lines: 4 IT4 cytoadherent lines and two 
rosetting lines R29 and PF13 (x-axis). The IT4 clones 1A2, 1E7, 1E2 were selected on HBMEC 
(brain)  and  a  fourth  independent  HBMEC-adherent  clone  re-selected  on  HPMEC  (lung).  The 
expression of each gene is shown relative to the endogenous marker seryl-t-RNA synthetase. B. 
Pearson correlation of all candidate gene pairs was performed. The top matrix shows Pearson 
correlations  between  all  gene  pairs.  The  bottom  matrix  shows  corresponding  p-values.  Red 
signifies higher correlation/p-value. Of notice, two genes in V1 do not significantly correlate with 
the rest of the module. 
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Figure 3- 5: Var transcript abundance by Ups group in cytoadherence-selected parasites. 
The transcript abundance of Ups A, B and C was determined in parasites selected for binding to 
different host cells. R29 and PF13 are rosetters (circles on graph). The IT4 clones 1A2, 1E7, 1E2 
were  selected  on  HBMEC  and  a  fourth  independent  HBMEC-adherent  clone  re-selected  on 
HPMEC  (lung)  (triangles  on  graph).  Different  primer  sets  were  used  for  each  Ups  group. 
Abundance  is  represented  as  relative  expression  to  an  endogenous  marker  seryl-t-RNA 
synthetase.  
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E.  A protein in variable export module I is exported to the host cell surface 
 
To  further  validate  gene-coexpression  modules,  we  sought  to  determine  the  subcellular 
localization of a protein encoded by a gene in variable module I. PF10_0025 is subtelomeric and 
maximally expressed very early in ring stages and encodes a protein called PF70 for its predicted 
molecular weight (Le Roch et al., 2004; Ma et al., 1996). This protein has a signal sequence 
followed by a PEXEL motif and therefore predicted to localize in the host cytosol (Marti et al., 
2004). Also, the genetic deletion of PF70 in a cytoadherent parasite line, CS2, which is able to 
bind  chondroitin  sulfate  A  (CSA)  through  the  UpsE  var  gene,  var2csa,  results  in  a  loss  of 
cytoadherence and surface expression of the PfEMP1, suggesting the essential role of PF70 in 
PfEMP1 trafficking to the surface (Maier et al., 2008).  One other gene within this variable module 
1  is  also  linked  to  PfEMP1.  This  is  the  phistc  pf10_0021  which  was  showed  to  bind  the 
intracellular  domain  of  PfEMP1  and    (Mayer  et  al.,  2012).  Therefore,  we  performed  IFA 
experiments in 3D7 asexual parasites to determine if PF70 is exported in the host environment 
and whether it co-localizes with known virulence factors at the surface, PfEMP3 and KHARP. 
Both PfEMP3 and KAHRP bind host cytoskeleton proteins and their deletion results in a loss of 
cytoadherence (Pei et al., 2007; Waterkeyn et al., 2000; Kilejan et al., 1991; Magowan et al., 
2000; Pei et al., 2005; Crabb et al., 1997; Waller et al., 1999). In early stages PF70 is readily 
detectable in the parasite but can also be seen as punctate structures at the surface of the red 
blood cell (Figure 3-6). The protein forms larger aggregates in schizont stages. Although PF70 
does not fully localize with PfEMP3 or KAHRP, it seems associated with the iRBC membrane in 
foci deprived of PfEMP3 and KAHRP (Figure 3-6). It is possible that these proteins do not co-
localize because the context in which co-localization and perhaps interaction occurs is altered. In 
fact, these IFAs were performed in unselected, long-term in vitro cultured 3D7 parasites. It may 
be that only under the right in vivo stimulus, proteins encoded by genes within variable export 
module  1  are  highly  co-expressed  and  present  in  the  host  environment  to  mediate  certain 
functions (i.e. cytoadherence) lacking under unselected in vitro conditions. These stimuli as seen 
in the previous section are present in vivo but lack in culture-adapted parasites that have lost var 	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gene dominance (Figure 3- 2-5). Host cell expression, membership in a variable module and its 
effect  on  PfEMP1  trafficking  increases  the  role  of  PF70  in  host  cell  remodeling  in  particular 
cytoadherence. However, further work is needed to elucidate the function of this protein. 
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Figure 3- 6: Subcellular localization of PF70 in P. falciparum infected erythrocytes. Anti-
PF70 antibodies were used to detect PF70 in asexual P. falciparum parasites. PF70 signal (red) 
was  enriched  in  the  parasite  in  ring  stages  as  well  as  in  the  host  cell  as  seen  by  punctate 
structures at the erythrocyte periphery and as large aggregates throughout the host in schizonts 
(white arrows). PF70 co-localized with PfEMP3 (top panel) and KAHRP (bottom panel) in the 
parasite but was only closely associated at the periphery of the host cell (open arrow). DAPI 
staining labels parasite nuclei.  
	 ﾠ
	 ﾠ
Brightfield DAPI PF70 PfEMP3 Merge
Brightfield DAPI PF70 KAHRP Merge
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F.  Epigenetic marks of regulation are enriched in variable export modules 
 
In P. falciparum, genes that display variant expression in vitro include those encoding proteins 
that are exported to the erythrocyte surface including var and genes involved in invasion. These 
genes are mostly located at the subtelomeres i.e. var, rifs and stevors, and are sometimes found 
in  tandem  (Gardner  et  al.,  2002).  Furthermore,  variant  expression  is  often  associated  with 
heterochromatin marks, where transcriptionally silent loci are enriched in H3K9me3 (Flueck et al., 
2009; Lopez-Rubio et al., 2009; Salcedo-Amaya et al., 2009). In higher eukaryotes, H3K9me3 is 
a feature of constitutive heterochromatin (Trojer and Reinberg, 2007). In P. falciparum however, 
heterochromatin is a facultative state. Silent loci marked by H3K9me3 can be activated upon 
different environmental cues, giving rise to variegated gene expression.  
To understand the variable and constitutive expression of exportome genes of export 
modules, we gathered four different types of information. First, if genes are subtelomeric; this 
information was retrieved for the database PlasmodDB. Second, if H3K9me3 marks are present 
at transcriptionally silent loci. This inforrmation can be found in two published studies: Lopez-
Rubio et al., 2009 and Salcedo-Amaya et al., 2009.  Third, if heterochromatin protein 1 (HP1) 
binds H3K9me3-enriched regions, published by Flueck et al., 2009. And lastly, whether genes 
show clonal variant expression in four different P. falciparum strains and thus take membership in 
the variantome published by Rovira-Graells et al., 2012 (Table 3-1). Strikingly, genes from Cons 
export  modules  do  not  show  any  enrichment  for  epigenetic  marks  of  regulation  nor  clonal 
variation, although they are located at the subtelomeres. Conversely, a great proportion of genes 
from  variable  export  modules  are  enriched  for  H3K9me3  and  HP1  binding  in  their  promoter 
regions  during  silent  states,  are  part  of  the  variantome  and  are  located  at  the  subtelomeres. 
Variable  modules  as  opposed  to  Cons  modules  appear  to  be  transcriptionally  regulated  by 
epigenetic mechanisms.   
There  are  a  few  exceptions.  One  gene  in  Cons  export  modules  is  subtelomeric, 
undergoes clonal variation in vitro and has marks of epigenetic regulation (Table 3-1). This gene, 
PF13_0010,  belongs  to  Cons  5  (n=6)  and  encodes  a  glycophorin-binding  protein  potentially 	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involved in invasion (PF13_0010). Within Cons 5, it is the least connected to the module, with an 
average within module z-score of 0.232 as compared to the module’s overall average z-score of 
0.942  (Figure  3-1).  Because  of  the  strong  lack  in  epigenetic  marks  in  Cons  export  modules 
PF13_0010  under  stricter  module  definition  may  be  classified  in  a  variable  module.  We  also 
noticed that only two genes in variable export module 1 are enriched for epigenetic marks of 
expression regulation. These two genes, phista (PF14_0752) and resa-2 (PF11_0512) were used 
in the validation of variable module 1. They showed lower correlation with the rest of the export 
module in parasites panned on human brain and pulmonary endothelial cells and in rosetting 
parasites  (Figure  3-4B).  However,  export  modules  were  defined  based  on  in  vivo  gene  co-
expression. The loss in correlation may be due to the environmental conditions in which parasites 
are assayed (host versus tissue culture system).  We suggest that the mechanisms of regulation 
of  the  expression  of  certain  genes  may  be  different  but  the  overall  outcome  in  vivo  is 
transcriptional co-expression. It is also possible that the heterochromatin marks that are detected 
in  culture-adapted  parasites  do  not  cover  the  full  gene  set  that  it  repressed  by  similar 
mechanisms in patients with active disease.  
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Table 3- 1: Variable export modules 
are  associated  with  epigenetic 
marks  of  expression  regulation. 
The  table  was  generated  using 
published  data  from  5  sources: 
Variantome  (Rovira-Graells  et  al., 
2012);
  HP1  binding  at  H3K9me3 
enriched  loci  (Flueck  et  al.,  2009); 
H3K9me3  enrichment  at 
transcriptionally  silent  loci  based  on 
ChiP-chip  experiments  (“S-A” 
Salcedo-Amaya et al., 2009 and “L-R” 
Lopez-Rubio  et  al.,  2009); 
Subtelomeric  chromosomal  location 
defined  as  a  loci  within  150kB  of 
chromosome ends (plasmoDB.org). 
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G.  Functional enrichment of export modules include “Protein Binding” and 
“Protein Folding” 
 
To  evaluate  the  biological  roles  and  pathway  memberships  of  genes  within  the  functional 
modules  that  are  not  exported,  we  retrieved  GO  functions  from  the  open  access  database, 
PlasmoDB (Aurrecoechea et al., 2009). We find that a total of 51 genes are associated with 
export modules and that these genes are redundant in both Cons and Variable export modules. 
The most enriched GO function for genes co-expressed with export modules fall in the categories 
of “Protein binding” and “Protein folding” (12.8%), whereas genes that are strongly anti-correlated 
in “Transcription” (11.5%) and “Translation” (11.2%). Surprisingly, 16% of associated genes do 
not have any GO function (Figure 3-7). This suggests that export modules are co-expressed with 
other  genes  that  play  a  role  in  protein  complex  formation  and  in  assuring  proper  protein 
conformation.  In fact, some of the genes in the “Protein folding” class contain genes with DnaJ 
domain. The “Protein binding” class are genes with WD-repeat and the armadillo “ARM” domains. 
These domains have previously been shown to mediate protein complexing by acting as scaffolds 
for protein-protein interaction (Li and Roberts, 2001; Tewari et al., 2010).  
 
 
Figure 3- 7: Representation of GO 
functions of export module gene 
that  do  not  belong  to  the 
exportome.  Non-exportome  genes 
mostly  lack  GO  function 
assignment. Most GO functions fall 
in  Transcription  &  Translation 
(anticorrelation,  red  slices),  Protein 
Binding  and  Folding  (positive 
correlation,  green  slices).  Shown 
are the 6 top GO functions.  
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H.  Variable export modules are associated with pathology in CM patients 
 
We then wanted to elucidate the role of export modules in cerebral malaria using a children 
cohort in Malawi. A GSEA analysis shows that only variable modules are associated with clinical 
phenotypes  (Nom  p-value<  0.055;  FDR  q-value<  0.25)  (Table  3-2).  V4  was  associated  with 
“sleeping under a bednet”, a parameter that is directly linked to the likelihood of getting bitten by a 
vector, as well as fever. “Respiratory distress”, “spleen size” and “liver size” are also enriched 
with  different  variable  modules.  These  clinical  phenotypes  are  reflective  of  organ  pathologies 
often  associated  with  local  accumulation  of  parasites  via  cytoadherence  of  iRBCs  in  the 
microvasculature of these tissues (Mackintosh et al., 2004). Of note, “respiratory distress” was 
enriched with five different modules, as compared to other phenotypes associated with only one 
or two, mainly composed of members of the fikk, phist, and hyp multi-gene families.  Respiratory 
distress needs to be interpreted with great caution as it is often a secondary effect during malaria 
infections and can be caused by other pathogens (Taylor et al., 2012). 
The enrichment of only variable  export modules  with different organ pathologies in a 
severely  diseased  cohort  with  CM,  suggests  that  these  multi-family  gene  modules  interact 
dynamically with the host environment.   
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Table 3- 2: Variable export modules are associated with disease in a Malawian cohort of 
CM. GSEA analysis was performed on expression data from a cohort of children with CM in 
Malawi (n=59). Listed are modules significantly associated with any phenotype and the top 4 
genes of the export modules, which are significantly associated with the phenotype (*Nom p-
values <0.055; 
ϕFDR q-values <0.25). Clusters that are differentially expressed in this cohort are 
associated  with  disease  phenotype  whereas  no  constitutively  expressed  clusters  meet  the 
threshold for significance 
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III.   Discussion  
Genes  at  the  host-parasite  interface  are  likely  mediating  interactions  with  the  host  to  allow 
parasite survival, which encompasses immune evasion and parasite sequestration deep in the 
tissues. We hypothesize that these genes are likely modulated by components from the host, 
which  are  themselves  dynamic  (i.e.  immune  response,  receptor  type  and  availability).  In  this 
study we have identified two kinds of genes at the host-parasite interface. One group is highly 
expressed across patients with malaria and the other variably expressed. The first group is likely 
a core group of genes required for cytoadherence and immune evasion. Some of these genes are 
well known and include KAHRP,  MAL7P1.172  and RESA.  The second group, because of its 
mosaic transcriptional expression across patients may be significant in antigenic variation. 
Export  gene  modules  are  associated  with  more  than  one  pathogenic  process.  We 
identified a variable export module involved in invasion, in particular the glideosome complex. 
Other variable modules include large rifin and stevor clusters. In fact, there is evidence that rifins 
and stevors are variantly expressed (Fernandez et al., 1999; Kyes et al., 1999; Lavazec et al., 
2007).    RIFINs  and  STEVORs  are  both  surface-expressed  (Blythe  et  al.,  2008;  Petter  et  al., 
2008). While RIFINs are targeted by the immune system and lead to antigenic variation, the 
incorporation  of  STEVORs  in  the  RBC  membrane  decreases  membrane  deformability  (shear 
modulus) and thus the capacity of iRBC to migrate through capillaries (Fernandez et al., 1999; 
Sanyal et al., 2012). STEVORs and RIFINs have also been localized at the merozoite apical tip 
making it a possibility that variable export modules containing members of these gene families 
are also involved in invasion (Blythe et al., 2008; Khattab et al., 2008). Other variable export 
modules that we identify are heterogeneous. They are composed of phist, fikk, hyp, and other 
single gene families. There is growing evidence supporting the role of these gene families in 
pathogenic  processes.  For  instance  a  subset  of  phistb  contain  a  DnaJ  domain,  a  cardinal 
characteristic of HSP40 chaperones, and are thought to mediate translocation of parasite proteins 
across  the  iRBC  cytoplasm,  however  their  function  with  HSP70  remains  to  be  elucidated 
(Sargeant et al., 2006). Additionally, a PHISTC domain binds the intracellular domain of PfEMP1 
(Mayer et al., 2012). The deletion of MAL7P1.172, a PHISTC, abrogates PfEMP1 presentation at 	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the surface (Maier et al., 2008). Further, FIKK members are differentially expressed in vitro and 
modulate  cytoskeleton  proteins  by  phosphorylation  events  in  trophozoite  and  schizont  stages 
(Nunes et al., 2007). They do not change the adhesive capabilities of parasites but they cause 
considerable decrease in iRBC membrane rigidity (Nunes et al., 2010).  
Although we did not find a correlation between variable export modules by qRT-PCR in 
children  with  CM  and  parasite  lines  that  were  panned  on  HBMEC  and  HPMEC  or  rosetting 
parasites, we do find common features of epigenetic regulation between variable modules and 
var genes. Recent studies have attempted to understand the genetic mechanisms regulating var 
genes expression and other multi-gene families located at the subtelomeres. In one particular 
study, the authors show that the induction of var promoters (UpsA, B, and C) and a head-to-head 
rifA1 promoter are able to silence endogenous var transcription, yet other promoters of gene 
families  known  to  undergo  variant  expression  (phistb,  stevor,  pfmc-2tm)  do  not  share  this 
competence. In fact, non-var promoters do not modulate the expression of genes within their own 
respective families (Witmer et al., 2012). This suggests that control of singular var expression is 
an exclusive privilege of var promoters and that there is no regulatory cross talk between var and 
non-var  gene  families.  Perhaps  this  could  also  apply  to  our  results  to  explain  the  lack  of 
correlation between the different modules and vars. Furthermore, the observations made by this 
group  were  done  in  a  3D7  P.  falciparum  background,  unselected  for  binding.  Whether 
cytoadherence cues, or other environmental cues, interfere with the genetic regulation of these 
families is unknown. The fact remains that var, phist, rif, stevor, hyp and many other genes are 
variantly expressed in vivo and share common structural features, this points towards epigenetic 
mechanisms of transcriptional regulation. This agrees with a study where the P. falciparum silent 
information  regulator  2  (PfSir2)  paralogs  (Sir2A  and  SirB,  histone  deacetylases  involved  in 
transcriptional  silencing)  coordinate  the  expression  of  virulence  genes  and  antigenic  variation 
(Tonkin  et  al.,  2009).  Additionally,  the  expression  of  invasion  genes  and  genes  involved  in 
nutrient transport is also under epigenetic control (Cortes et al., 2007; Nguitragool et al., 2011). 
This suggests that the parasite adapts to changes in the host environment by modulating the 	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expression  of  genes  at  the  host-parasite  interface  by  taking  advantage  of  the  plasticity  and 
reversibility of epigenetic mechanisms of transcriptional regulation.  
In other systems, epigenetic responses have been associated with hypoxia. Reduction in 
oxygen levels, or hypoxia, can occur under normal or pathological conditions. Under hypoxic 
conditions, cells adapt through angiogenesis, erythropoiesis, glucose transport and are able to 
switch  from  an  aerobic  to  a  glycolytic  metabolic  state  (Singh  et  al.,  2012).  These  adaptive 
responses  have  been  linked  to  transcriptional  changes  through  the  activity  of  a  family  of 
transcription  factors  Hypoxia  Inducible  Factor  (HIF)  (Wang  and  Semenza,  1993).  HIFs  form 
heterodimers. While one subunit (β) is constitutively expressed in the cell, the other (α) is oxygen-
sensitive and when hydroxylated is targeted to the proteasome for degradation (Sutter et al., 
2000).  Under  hypoxic  conditions,  HIF  dimers  form  and  bind  specific  DNA  sequences  termed 
“hypoxia response elements” (HREs), leading to the upregulation of genes bearing HREs. HIFs 
also interact with histone modifying enzymes including histone deacetylases (HDACs) and are 
thought to mediate HDAC recruitment in chromosomal regions where transcriptional repression 
will occur (Kato et al., 2004). Overall, this mechanism is a quick adaptation to hypoxia-mediated 
tissue damage (Singh et al., 2012). Interestingly, hypoxia is common in falciparum malaria in 
particular  in  cerebral  malaria.    The  effect  of  hypoxia  on  P.  falciparum  gene  expression  is 
unknown.  However,  whole-genome  transcriptional  studies  have  reported  the  existence  of 
parasites from clinical samples under various metabolic states (Daily et al., 2007; Milner et al., 
2012). Three metabolic clusters were found: one related to glycolysis, a second to respiration and 
a  third  cluster  was  associated  with  environmental  stress  (heat  shock,  oxidative  and  osmotic 
stress) (Daily et al., 2007). The first cluster was also linked to starvation (Daily et al., 2007). It is 
therefore possible that hypoxia, although likely contributed by P. falciparum in the host through 
vasoconstriction,  like  nutrient  deprivation  is  another  stress  which  is  tolerated  by  Plasmodium 
through gene expression modulation. Across multiple samples, this reveals itself as the variable 
gene  expression  we  detected  in  variable  export  modules.  A  large  number  of  variable  export 
modules associated with respiratory distress (Table 3-2) and it is still not clear how these genes 
would  be  influenced  by  limited  oxygen  level.  They  are  predicted  to  localize  in  the  host  cell, 	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potentially  even  at  the  surface,  and  could  be  involved  in  sensing  and  monitoring  changes  in 
oxygen levels in the host environment. 
All in all, we have defined co-expression modules composed of known and yet described 
genes encoding proteins at the host-parasite interface. These modules hold much information as 
to the different pathways that are involved in parasite viability during active disease. Some of 
these pathways may even be completely novel as we recall that 60% of the genome remains 
unannotated. As we learn more about P. falciparum biology and expand our toolkit to study this 
parasite as close to its natural environment in the human host, the functional players and their 
relationship to disease will become more clear. 
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IV.  Subjects and Methods 
Ethics 
This study was approved by the institutional review boards of the University of Malawi College of 
Medicine,  Albert  Einstein  College  of  medicine  and  the  Brigham  and  Women’s  Hospital.  The 
cohort of this study comprises of children admitted during 2010 in the pediatric unit of the Malaria 
Research  Ward  (MRW)  located  in  the  Queen  Elizabeth  Central  Hospital  in  Blantyre,  Malawi. 
Pediatric patients were enrolled in an observational study of malaria pathogenesis upon receipt of 
written  informed  consent  during  admission  at  MRW.  Diagnostic  criteria,  clinical  management, 
laboratory investigations and treatment protocols have been previously described (Taylor et al., 
2004). All patients in this study meet the clinical definition of cerebral malaria.  
 
Sample Handling 
After written informed consent was received, 3mLs of peripheral blood from children meeting the 
clinical definition of cerebral malaria were collected at time of admission. These samples were 
rapidly preserved in Tri Reagent, shaken and frozen at -80C. Samples were shipped from MRW 
to  HSPH  in  liquid  nitrogen  and  thawed  at  room  temperature  prior  to  RNA  extraction.  Thirty 
samples were processed for RNA extraction. 
 
Patient Microarray Expression Data  
Multiple microarray data sets (a total of 129) were utilized to study co-expression networks of 
genes at the host-parasite interphase in the context of active malaria disease. These microarrays 
were performed using peripheral blood material of patients with malaria at time of admission. 
Patients vary in malaria disease severity, from asymptomatic malaria to severe cerebral malaria, 
age and geographic location. These include two senegalese cohorts of mild to severe malaria, a 
Sénégal 2005 cohort published in Daily et al., 2005 and a Sénégal 2008 cohort (unpublished but 
accessed  through  the  Broad  Institute);  and  a  Malawi  2009  cohort  of  severe  malaria  (severe 
anemia and cerebral malaria) published in Milner et al., 2012.  
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Identification of gene co-expression modules during disease 
To identify gene networks potentially modulating disease course in patients with malaria, we first 
determined  which  genes  predicted  at  the  host-parasite  interphase,  or  the  exportome,  are 
differentially expressed or not across patients. We used the exportome list from Boddey et al., 
2013. For this, a rank sum score was generated for all genes within the exportome across every 
microarray without normalization. The rows were sorted from high to low rank sum score. The top 
8% genes were defined as constitutively expressed. The bottom 10%, “Other”, were defined as 
genes with no –to- low expression overall and were removed from the “ranked” exportome list.   
We then constructed gene networks within the ranked exportome to identify genes that 
are co-expressed and extended these networks to the entire transcriptome to identify other co-
regulated genes. Essentially, for each microarray we computed a co-expression matrix using the 
Spleipnir tool “Distancer” to generate z-score between all gene pairs. Z-scores are based on the 
Fisher transformation of Pearson Correlations. Each co-expression matrix was then separately 
normalized by centering at 0 and diving each value by its standard deviation. We then integrated 
all matrices by averaging to generate an integrated global network where gene co-expression 
greater  than  a  z-score  corresponding  to  alpha=0.01.  Subnetworks  containing  genes  from  the 
ranked exportome (constitutive and variantly expressed genes) were retrieved and each group 
subsequently  clustered  into  non-overlapping  expression  clusters  (10  containing  constitutively 
expressed genes and 10 for variantly expressed genes). The clusters were then visualized on 
Cytoscape,  where  each  node  corresponds  to  a  gene,  and  each  edge  to  the  z-score 
corresponding to a gene pair from the integrated network.  
 
Gene Set Enrichment Analysis  
A GSEA was performed to assess the correlation between the expression of genes within each 
module and clinical phenotype. For this purpose P. falciparum Gene Ontology leaf annotations 
were obtained from PlasmoDB and propagated into the ontology using the Sleipnir functional 
genomics library. Gene sets containing <2 genes were removed, and overlapping gene sets were 
merged (combining the top 10% of gene set pairs ranked by the fraction of shared genes relative 	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to the total size of the smaller set). These gene sets were finally combined with the P. falciparum 
pathways from KEGG. 
   The microarrays used (a final total of 56) were performed using venous blood sampled 
from Malawian cohort of children enrolled in a 2009 study on cerebral malaria and matching 
clinical phenotype. The cohort is described in (Milner et al., 2012). Two sets of analysis were 
performed. First to test for the significance of each gene and second to test each cluster of genes 
previously identified against the phenotype. For each phenotype extreme outliers were removed 
and  all  phenotype  gene  pairs  were  tested  using  Spearman  rank  correlation  for  continuously 
valued features and the Mann–Whitney U test (for 2-valued factors) or the Kruskal-Wallis rank 
sum  test  (for  multivalued  factors)  for  discrete  factors.  Significance  was  assessed  using  an 
empirical bootstrap P value over 5000 randomizations (nonparametric tests and bootstrapping 
were chosen to avoid effects from remaining experimental outliers). P values were adjusted for 
multiple hypothesis testing, using Benjamini Hochberg false discovery rate (FDR) q values and 
used to examine associations between individual genes and the phenotypes. 
   In  order  to  examine  the  effect  and  enrichment  of  gene  pathways  on  phenotype,  the 
normalized test statistic from each of these gene-phenotype tests was used as input in a GSEA 
analysis to look for enrichment of these functional modules. Further, the clusters obtained were 
used themselves as pathways to look for enrichment of these clusters with the phenotypes of 
interest. The enrichment of both the resulting pathway sets was then assessed using GSEA over 
1000 bootstraps. A significant association was found when the normalized p-values <0.055 and 
FDR q-values <0.25. 
 
Plasmodium falciparum cytoadherence-selected lines 
IT4 clone R29 and 3D7 clone PF13 rosetting parasites were generated by selection with mAB 
and rosetting phenotype confirmed (Janes et al., 2011). The cytoadherence-selected parasites 
were generated by binding ItG parasites first on ICAM-1  then  on  human  brain  microvascular 
endothelial cells (HBMEC), subsequently cloned, expanded in culture and finally re-measured for 
binding. These ItG/HBMEC selected clones are 1E2, 1A2 and 1E7. One ItG/HBMEC clone was 	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additionally selected on human pulmonary microvasculature endothelial cells, the HPMEC line. A 
detailed description of the generation of these lines can be found in the methods section of Avril 
et al., 2012. All six parasite lines were cultured in supplemented RPMI mediums as described 
(Trager and Jensen, 1976). Ring-stage parasites were obtained by two rounds of synchronization 
using  5%  sorbitol  solution.  Parasites  were  pelleted  and  frozen  in  Tri  Reagent  prior  to  RNA 
extraction. 
 
Validation by quantitative Real Time-PCR and association to var  
Primer pairs targeting genes from Variant cluster 1, 2 and 10 were optimized on gDNA isolated 
from P. falciparum 3D7 parasites. Var degenerate primers used in this study are the Rottmann 
primer  set  previously  published  (Rottmann  et  al.,  2006).  RNA  was  extracted  from  patient 
peripheral blood samples, cytoadherence-selected and rosetting lines conserved in Tri Reagent. 
Essentially,  RNA  was  separated  by  an  initial  chloroform  extraction.  The  RNA  layer  was  then 
processed using the RNeasy mini kit (Qiagen) and then subjected to a Dnase digest treatment. 
The quality of the RNA was determined on a 1% agarose RNA denaturing gel (formaldehyde) and 
by Nanodrop. cDNA synthesis was then performed using the SuperScript Reverse Transcriptase 
III (Invitrogen). qRT-PCR was run on Applied Biosystem qPCR machines using SYBR green. 
Reactions were run in triplicate for each gene and gene expression was normalized to the marker 
seryl-t-RNA synthetase. 
 
Immunofluorescence Assay 
Approximately  500µL  of  cells  from  a  mixed  stage  culture  were  pelleted  by  centrifugation  at 
2000rpm for 2min, and then pellets were washed twice in 1X PBS. Parasite pellets were fixed in 
4%  paraformaldehyde/  0.0075%  gluteraldeyde  for  30min  at  room  temperature  in  suspension. 
Pellets were washed in 1X PBS and permeabilized using 0.1% Triton X-100 for 10min at room 
temperature. Parasites were then washed in 1X PBS and cells were blocked in 3% w/v bovine 
serum albumin (BSA) in PBS for 1hr. Primary antibodies were than added in their respective 
dilutions and cells were incubated for 4hrs: PF70 rabbit polyclonal antibodies (Ma et al., 1996), 	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gifted by Dr. Kironde, anti KAHRP mouse monoclonal antibodies (clone 2G12) a gift from Dr. 
Diane Taylor and anti-PfEMP3 monoclonal mouse antibody. Cells were washed for 5 min in 3% 
w/v BSA three times, then blocked with secondary antibodies (in BSA) for 2 hrs (Invitrogen’s goat 
anti-rabbit alexa 594 (1:750) and goat anti-mouse alexa 488 (1:1000). After 3 washes in 1X PBS, 
cells were resuspended in a small volume of 1X PBS and mounted on microscope glass slides 
using VectaShield containing 4',6-diamidino-2-phenylindole (DAPI) nuclear dye. Parasites were 
visualized on a traditional fluorescence microscope. Images were edited in Adobe Photoshop. 
 
Statistical tests for clinical parameters  
Statistical analyses of gene expression by qRT-PCR association to clinical parameters was done 
in GraphPad Prism.  
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I.  Introduction 
 
Antigenic variation is defined as the controlled clonal expression switch of antigenic epitopes that 
leads  to  phenotypic  changes  that  allows  the  cell  to  subvert  immune  recognition.  It  has  been 
described in pathogenic bacteria and protozoa. These antigens are primarily surface-expressed 
and typically members of large polymorphic multi-gene families (Kyes et al., 2001). By switching 
from one antigenic determinant to another, Plasmodium falciparum is able to escape the immune 
system and establish chronic infection  (Biggs et al., 1991; Roberts et al., 1992; Smith et al., 
1995).  Plasmodium  falciparum  antigenic  variation  occurs  in  two  pathogenic  processes  where 
parasite proteins are exposed to the host, invasion and cytoadherence. In terms of invasion, the 
erythrocyte binding antigens (EBAs) have been shown to switch expression from one member to 
another, whereas cytoadherence has been linked to var gene expression switching (Cortes et al., 
2007; Scherf et al., 1998). Other variable surface antigens (VSA) have been identified (rif, stevors 
and pfmc-2tms) but their role in antigenic variation remains to be confirmed.  
Cytoadherence is an interactive mechanism between parasitized RBCs and host cells. It 
is  mediated  by  the  binding  of  a  family  of  adhesins  expressed  on  the  surface  of  iRBCs, 
Plasmodium  falciparum  erythrocyte  membrane  protein  1  (PfEMP1)  to  host  cell  ligands  in  the 
microvasculature (Leech et al., 1984). PfEMP1 proteins are encoded by var genes (Su et al., 
1995).  Cytoadherence  leads  to  the  sequestration  of  parasitized  RBC  aggregates  in  the 
microvasculature  leading  to  severe  infections  such  as  cerebral  malaria  (CM)  and  pregnancy-
associated malaria (PAM) (MacPherson et al., 1985; Pongponratn et al., 1991). The presentation 
of PfEMP1 on the iRBC surface is still not fully understood, but it relies on accessory proteins and 
iRBC remodeling as shown in a genetic screen for parasite genes involved in cytoadherence and 
host cell rigidity (Maier et al., 2008). This screen identified genes that are directly involved in the 
translocation of PfEMP1 from the parasite to the iRBC plasma membrane (PM). Some of these 
genes belong to a large gene family for which to date no function have been assigned, the phist. 
 
Plasmodium  helical  interspersed  subtelomeric  (PHIST)  multi-gene  family  is 
composed of 3 conserved families (a, b and c) of predicted soluble proteins that have radiated in 	 ﾠ 116	 ﾠ
primate  Plasmodium  parasites  from  a  single  rodent  PHIST  ancestor  (Sargeant  et  al.,  2006). 
PHIST proteins contain an N-terminal signal sequence followed by an export motif (PEXEL) and a 
well-conserved  C-terminal  region  that  contains  the  protein’s  core  domain  composed  of  4 
conserved alpha helices (~150 amino acids). The PHIST domain along with the Duffy-Binding-
Like (DBL) domain found in PfEMP1 molecules are unique and exclusive to Plasmodium. Both 
domains  contain  well-conserved  tryptophan  and  cysteine  residues  (Sargeant  et  al.,  2006; 
Templeton and Deitsch, 2005).  In PfEMP1, the DBL domain provides the adhesin differential 
affinity for host cell receptors and is highly polymorphic, whereas the PHIST function remains 
unknown (Buffet et al., 1999; Rowe et al., 1997; Smith et al., 2000). Phist genes are primarily 
localized  at  the  subtelomeres  of  all  chromosomes  and  show  transcriptional  peaks  in  late 
schizonts and ring stages (Le Roch et al., 2003; Sargeant et al., 2006). Some phist members also 
show expression variation in vitro and this seems to be due to epigenetic mechanisms (Flueck et 
al., 2009; Lopez-Rubio et al., 2009; Rovira-Graells et al., 2012; Salcedo-Amaya et al., 2009). The 
three  phist  families  have  expanded  differentially  in  Plasmodia  species  and  several  recent 
investigations seem to point to a chaperone function for this family. 
 
The PHISTC family is composed of 16 paralogs that have radiated in P. falciparum, P. 
vivax and P. knowlesi. They show the most sequence length variability in the amino-terminal 
region following the PHIST domain (Sargeant et al., 2006). In terms of function, PHISTC were 
shown to associate with the red blood cell membrane. They interact with the RBC cytoskeletal 
protein  ankyrin  and  localize  to  knobs  of  placental  malaria  parasites  (LaCount  et  al.,  2005; 
Lasonder  et  al.,  2002).  PHISTC  also  interact  with  PfEMP1.  One  PHISTC  domain  binds  the 
intracellular domain of PfEMP1 suggesting a role in the translocation of PfEMP1 to the surface of 
the iRBC (Mayer et al., 2012). Evidently, two phistc genetic deletions in CS2, a P. falciparum 
strain that confers adhesion to chondroitin sulfate A (CSA) via the stable expression of PfEMP1 
encoded by the var gene var2csa, led to a loss of cytoadherence and re-localization of PfEMP1 
from the surface to the MCs (Maier et al., 2008; Salanti et al., 2004). 
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The PHISTB family is composed of 23 paralogs of which 7 have an additional type III 
DnaJ domain at the carboxy-terminal end of the PHIST domain (Sargeant et al., 2006). The DnaJ 
domain is found in heat shock protein 40-HSP40, that regulate Adenosine triphosphate (ATP) 
hydrolysis function of HSP70. Whereas type I and II can bind substrate and regulate HSP70 
function, the function of type III is still unclear (Walsh et al., 2004). Typically, the HSP40-HSP70 
partnership functions in the control of protein homeostasis including folding and unfolding and 
protein trafficking (Walsh et al., 2004). In P. falciparum, cytosolic HSP40 functionally interacts 
with  cytosolic  falciparum  HSP70  as  well  as  human  HSP70  (huHSP70)  (Botha  et  al.,  2011).  
Recently, Grover and colleagues identified a parasite HSP70 (PfHSP70) and showed that the 
protein localizes in punctate structures in the host cytosol including MCs (Grover et al., 2013). In 
another study, huHSP70 was identified in KAHRP fractions and was released from complexes by 
addition of ATP (Banumathy et al., 2002). These findings suggest that parasite exported HSP40s 
partner up with PfHSP70 to chaperone parasite proteins across the PVM into the host cell and 
potentially  proteins  involved  in  pathogenesis  as  PfEMP1  transit  through  MCs  before  being 
trafficked to the surface; and that partnership between parasite HSP40 and hHSP70 may play a 
role  in  knob  formation  (Maier  et  al.,  2008).  So  far  PHISTB-DnaJ  have  been  localized  at  the 
surface of iRBC: PFB0090c localizes to knobs with PfEMP1, KHARP and PfEMP3 (Acharya et 
al., 2007) while the vaccine candidate RESA (PFA0110w) is integrated in the host cytoskeleton 
causing increased membrane rigidity and heat shock resistance during febrile episodes (Acharya 
et al., 2007; Da Silva et al., 1994; Mills et al., 2007; Silva et al., 2005). Additionally, the genetic 
deletion  of  some  PHISTB-DnaJ  was  not  achievable  suggesting  the  essential  nature  of  these 
proteins for parasite survival in vitro.  
The PHISTA family is composed of 25 members. They are the shortest PHIST proteins 
as some consist of a recessed signal sequence, PEXEL motif and the PHISTA domain (Sargeant 
et al., 2006). Phista genes are unique in the sense that they are the only phist family restricted to 
the  P.  falciparum  lineage.  The  selective  expansion  of  this  family  in  P.  falciparum  may  have 
occurred to support the function of a virulence process exclusive to this Plasmodium species—
the only human species with cytoadherence capacity—and responsible for falciparum malaria 	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disease severity (Maier et al., 2009). Similarly, var have no known orthologs and are involved in 
cytoadherence, rosetting and antigenic variation  (Kyes et al., 2001; Smith et al., 1995; Rowe et 
al.,1997).  
Whole transcriptional studies have been widely used to predict gene function in particular 
when a controllable perturbation is applied or when different parasite sources are used. In such 
studies, phista transcripts can be detected in parasites drawn from patient venous blood and their 
expression varies across patients. In particular, one phista gene, PF14_0752 is upregulated in 
vivo  as  well  as  in  parasites  selected  for  binding  to  CD36  and  human  brain  endothelial  cells 
(HBECs)  (Claessens  et  al.,  2012;  Daily  et  al.,  2005;  Mok  et  al.,  2007).  In  HBEC-selected 
parasites, only 15 non-VSAs are upregulated with the dominant var and PF14_0752 shows the 
highest induction (Claessens et al., 2012). This was extremely surprising and strengthens the role 
of  PF14_0752  in  iRBCs  adhesion  in  the  brain  microvasculature,  and  potentially  CM.  Overall, 
these findings suggest that phista expression may be modulated by factors that vary from patient 
to patient and/or under different parasite adhesive states. In fact, the differential expression of 
phista  genes  is  governed  by  epigenetic  processes  and  these  allow  inheritable  yet  reversible 
transcriptional expression. These processes include histone 3 lysine 9 trimethylation (H3K9me3) 
enrichment in the 5’UTR of transcriptionally silent loci, enrichment of heterochromatin protein I 
(HPI) bound H3K9me3 regions, and expression variation across isogenic clones (and not copy 
number  variation)  (Flueck  et  al.,  2009;  Lopez-Rubio  et  al.,  2009;  Rovira-Graells  et  al.,  2012; 
Salcedo-Amaya et al., 2009). Interestingly, heterochromatin at transcriptionally silent loci is also 
found in subtelomeric genes of other multi-copy families including var, rif and stevor, all involved 
in host cell remodeling (ref. Chapter I).  
Lastly, PHISTA may play a role in sexual differentiation. Two phista genes PF14_0744 
and  PF14_0748  are  transcriptionally  upregulated  and  their  products  enriched  at  the  onset  of 
gametocytogenesis (Eksi et al., 2005; Silvestrini et al., 2005; Silvestrini et al., 2010). These genes 
are  localized  either  in  the  gametocyte  PV  or  the  host  cell  cytosol,  indicating  that  they  are 
specifically  recruited  for  the  remodeling  of  the  iRBC  for  sexual  differentiation.  The  promoter 
region of these two genes was also shown to drive the expression of a fluorescent marker in 	 ﾠ 119	 ﾠ
young gametocytes, stages I and II (Buchholz et al., 2011). Of importance, young gametocytes 
(stage  I-IV)  are  absent  in  the  peripheral  blood  of  diseased  individuals  and  are  thought  to 
sequester in poorly defined sites in the body where they mature to stage V gametocytes. These 
mature  stages  are  detectable  in  the  peripheral  blood.  Although  it  does  not  seem  like 
sequestration of sexual stages is mediated by cytoadherence, exported proteins such as PHISTA 
PF14_0744 and PF14_0748 are still of great importance as they may be involved in the initial 
formation of sexual stages (Silvestrini et al., 2012). 
 
Overall, the PHIST family has not been fully functionally described: the PHISTC domain 
forms stable interactions with PfEMP1 and mediates the adhesin’s trafficking to the iRBC PM; 
PHISTB-DnaJ provide heat shock resistance during febrile episodes and potentially partner up 
with  HSP70  in  proteostasis  maintenance  during  trafficking  across  the  PVM  and  to  MCs;  and 
PHISTA play an as yet understood role in host cell remodeling during sexual differentiation and 
cytoadherence. It is clear that this family contributes to many events where they may function as 
chaperones of proteins encoded by genes that under a similar transcriptional program.  
In this chapter, we are particularly interested in PHISTAs. This family has radiated solely 
in  P.  falciparum  and  is  involved  in  two  major  P.  falciparum  processes  that  have  serious 
ramifications for malaria eradication and vaccine development: cytoadherence and transmission. 
PHISTA have been repeatedly associated with cytoadherence, a process, which, in vivo causes 
pathology and the severe diseases of CM and PAM, and sexual differentiation, the latter which 
ultimately leads to transmission. However, the amount of information known about PHISTA is 
incomplete: only a few genes are represented on microarrays of the published field studies and 
the subcellular localization of the PHISTA domain is unknown. In this study, we examine the 
composition and the dynamics of phista expression in long-term culture-adapted parasites as well 
as in parasites selected for binding and parasites from CM patients. We hypothesize that phista 
gene expression varies in vitro while specific members are upregulated in cytoadherent parasites 
and in parasites from CM patients.  
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II.  Results 
A.  Absence of phista gene selection in culture-adapted parasites  
 
During culture adaptation parasite surface antigens (on the merozoite surface and the iRBC) are 
no longer under immune selection, cytokines are absent, nutrients are continuously provided by 
replenishing  culture-medium  and  temperature  is  regulated.  Essentially,  parasites  are  in  a 
controlled and stable environment and at optimal growth conditions. However, in this minimal 
environment  parasites  undergo  major  and  often  irreversible  changes.  These  include 
chromosomal deletions detected by pulse field gel electrophoresis resulting in the loss of knobs, 
cytoadherence  and  gametocytogenesis  (Biggs  et  al.,  1989;  Day  et  al.,  1993).  Adaptation  to 
culture  conditions,  in  particular  the  removal  of  parasites  from  circulation  where  they  are 
continuously cleared by the spleen also leads to a loss of antigenic variation. A similar effect was 
observed in P. knowlesi experiments using parasites passaged in splenectomized and spleen-
intact Macaque monkeys (Barnwell et al., 1983). At the gene level, transcription is also massively 
modulated. This was well described for var genes where the dominance of one var in primary 
isolates was abrogated and the overall var transcript abundance decreased with time in culture 
(Peters et al., 2007). Therefore, we first examined the expression of phista genes in long-term 
(>2month) culture-adapted parasites to determine transcriptional profile in an environment lacking 
selection. 
The  expression  of  13  phista  genes  was  measured  in  15  parasites  strains,  including 
reference strains of different genetic backgrounds such as 3D7, IT4 clone FCR3 and NF54 and 
ex vivo parasites from Senegalese patients that have been cultured well over 3 months. Here, we 
did not notice the dominance of one or a subset of phista genes (Figure 4-2A). This suggests that 
under in vitro  conditions there is no selection for the expression of any one  phista  gene. To 
further  confirm  this  result,  we  turned  to  a  clonal  tree  composed  of  a  parental  ex  vivo  line 
TH137.07 and four derived clones.  Here, the expression profile of each clone is divergent from 
that of the parental line. In fact, each clone has a different subset of phista genes with either 	 ﾠ 121	 ﾠ
increased or decreased levels of expression, indicating that phista genes are clonally variant in 
vitro (Figure 4-1).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure  4-  1:  Lack  of  selection  of  phista  genes  culture-adapted  parasite  clones.  The 
transcriptional expression of 13 phista genes in a parent and four derived clones was assayed in 
ring stage parasites by qRT-PCR. Clones and parent cell lines show differences in their repertoire 
of  phista  expressed.  Gene  expression  is  normalized  to  skeleton  binding  protein  1  (SBP1)  (a 
normalizer for ring stage parasites) by the delta Ct method. 
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B.  Phista gene expression is modulated in cytoadherence-switched clones 
and parasites from children with cerebral malaria 
 
The phist family has been linked to cytoadherence and a specific phista member; PF14_0752 is 
upregulated  during  PAM  and  parasites  selected  for  binding  to  various  host  cell  receptors 
(Claessens et al., 2012; Mok et al., 2007). Therefore, we surveyed the expression of phista genes 
in parasites with adhesive properties using either, parasites experimentally selected for binding to 
specific host receptors and thus expressing one dominant var gene, or parasites directly sampled 
from  the  peripheral  blood  of  Malawian  children  with  CM  without  ex  vivo  culturing.  Parasites 
selected for binding, or “binders” include IT4 parasites selected on human brain microvascular 
endothelial  cells  (HBMEC),  HBMEC-selected  parasite  cross-adherent  to  human  pulmonary 
endothelial cells (HPMEC) and parasites selected to form rosettes. For in vivo  parasites, our 
guiding hypothesis is two-fold: first, parasites circulating in the peripheral blood (ring stages) are 
the  same  as  those  adhering  to  the  endothelium  of  various  tissue  sites  including  the  brain 
(trophozoites  and  schizonts).  In  fact,  a  study  on  a  similar  cohort  in  Malawi,  determined  that 
parasites in the peripheral blood of children with clinical CM were genetically identical as those 
found sequestered in tissues at autopsy (Milner et al., 2012). Second, they express one dominant 
var gene, which is translated into the PfEMP1 providing adhesion. We determined in the previous 
Chapter that parasites from the peripheral blood from this Malawian children cohort express UpsA 
type var genes at significantly higher levels than other vars and similar conclusions were reached 
in other cohorts of Tanzanian children with CM (Lavstsen et al., 2012). 
In  both  binders  and  parasites  from  CM  patients  3  phista  genes  are  dominant: 
PF10_0014, PFL2565w and PF14_0752 have the highest mean expression (Figure 4-3A). The 
same observation can be made when looking at CM parasites and binders separately (Figure 4-
4). When comparing the expression of phista in these two groups with in vitro adapted parasites, 
the three dominant phista have comparable mean expression levels as phista in vitro and the 
unselected phista genes are expressed at lower levels. This suggests that in vitro, phista are all 	 ﾠ 123	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upregulated  and  comparatively  expressed  whereas  in  CM  parasites  and  binders,  unselected 
phista genes are downregulated (Figure 4-3).   
 
C.  A subset of phista genes are variantly expressed   
 
We  showed  that  a  specific  subset  of  phista  genes  is  highly  expressed  in  parasites  with 
cytoadherent properties as well as parasites from CM patients. In vitro, this selection is absent 
and genes are expressed at comparable levels. To understand if members of this gene family are 
coordinately expressed, i.e. if a subset of genes has similar expression patterns across isolates, 
we first determined their variable nature and then whether they are co-expressed. To determine 
the  transcriptional  behavior  of  phista  genes,  we  compared  the  average  gene  rank  of  each 
member across isolates to define which genes that are constitutively highly expressed (top 20% 
of phista with high expression across most isolates), variantly expressed (variable expression 
across isolates). We then computed Pearson correlations of the expression of all gene pairs to 
determine co-expression patterns.  
In the first part of the analysis we found that in both groups (culture-adapted parasites 
and cytoadherent and CM parasites) one phista gene PFL2565w is constitutively expressed and 
PFL2595w is the most variable gene (Figure 4-2B and 4-3B). In culture-adapted parasites two 
other genes PF14_0748 and MAL7P1.225 are also constitutively expressed. However, in CM and 
cytoadherent parasites these two genes fall within the ranks of variantly expressed genes and are 
replaced by PF14_0752 and PF10_0014 (Figure 4-2B and -3B). In terms of co-expression, the 
expression of phista genes is more correlated in CM and cytoadherent parasites than in culture-
adapted parasites (corrected p-values > 2.3E-04) (Figure 4-2C & 3C).  Three genes do not seem 
to correlate with the rest of the gene family, including genes that are constitutively expressed 
and/or dominant, PF10_0014 and PF14_0752, and two variantly expressed genes MAL7P1.225 
and PFD1215w (Figure 4-3C). These genes are unique in that they are not co-regulated with any 
other phista genes analyzed in this study.  
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A.                B. 
 
C. 
 
 
Figure 4- 2: Expression of phista genes in unselected and culture-adapted parasites. A. 
Expression of 13 phista genes in culture-adapted parasites by qRT-PCR (n=15). Shown is 
expression relative to the ring-stage marker SBP1 as box-and-whiskers plots (box line= mean, 
Tukey whiskers for the interquartile distance and outliers as dots). B. Constitutive vs. variantly 
expressed  phista  genes.  High  ranked  genes  correspond  to  constitutively  highly  expressed 
genes  (blue)  and  variantly  expressed  genes  are  shown  in  yellow  grade  whereas  genes  with 
constitutive low expression levels are in grey C. Phista co-expression Correlation coefficient of 
phista genes and corresponding p-values (significance is set at the corrected p-values 2E-04, 
yellow to blue shading). 
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 PF10_0014 0.6046 0.7321 0.7603 -0.122 0.7314 -0.192 0.7235 0.6621 0.6327 0.2905 0.7404 -0.032
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Figure 4- 3: Expression of phista genes in cytoadherence-selected and cerebral malaria 
parasites.  A.  Expression  of  13  phista  genes  in  cytoadherence-selected    (HBMEC  n=3, 
HPMEC  n=1,  rosetters  n=2)  and  CM  parasites  (n=8)  by  qRT-PCR.  Shown  is  expression 
relative  to  the  ring-stage  marker  SBP1  as  box-and-whiskers  plots  (box  line=  mean,  Tukey 
whiskers  for  the  interquartile  distance  and  outliers  as  dots)  B.  Constitutive  vs.  variantly 
expressed  phista  genes.  High  ranked  genes  correspond  to  constitutively  highly  expressed 
genes  (blue)  and  variantly  expressed  genes  are  shown  in  yellow  grade  whereas  genes  with 
constitutive low expression levels are in grey C. Phista co-expression. Correlation coefficient of 
phista genes and corresponding p-values (significance is set at the corrected p-values 2E-04, 
yellow to blue shade) are shown in gene-gene matrices. 
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 PF14_0752 4.E-02 1.E-01 5.E-01 2.E-01 5.E-02 4.E-01 6.E-02 7.E-01 4.E-02 8.E-02 3.E-01 3.E-01
!"#$%& !"#%'&
p-value 
#%& %&
R Coeff. 
 
P
F
1
0
_
0
0
1
4
 
P
F
L
2
5
9
5
w
 
P
F
D
1
2
1
5
W
 
P
F
1
4
_
0
7
4
8
 
M
A
L
1
3
P
1
.
5
8
 
P
F
L
2
5
6
5
W
 
P
F
1
4
_
0
7
5
7
 
P
F
D
1
2
1
0
W
 
M
A
L
1
3
P
1
.
5
9
 
M
A
L
1
3
P
1
.
1
1
 
P
F
A
0
1
0
0
C
 
M
A
L
7
P
1
.
2
2
5
 
P
F
1
4
_
0
7
5
2
 PF10_0014 0.378 -0.58 0.375 0.385 0.879 0.373 0.395 0.986 0.396 0.376 -0.17 0.781
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Figure 4- 4: Phista gene expression in CM, cytoadherence-selected and culture-adapted 
parasites.  Shown is the mean expression of 13 phista genes in parasites from CM patients 
(white  bars),  parasites  selected  for  binding  (light  grey  bars)  and  unselected/  culture-adapted 
parasites (dark grey bars). Shown is phista gene expression relative to the ring-stage marker 
SBP1 as box-and-whiskers plots (box line= mean, Tukey whiskers for the interquartile distance 
and outliers as dots). 
 
 
 
 
 
 CM vs. selected parasites 
PF10_0014
PFL2595w
PFD1215W
PF14_0748
MAL13P1.58
PFL2565W
PF14_0757
PFD1210W
MAL13P1.59
MAL13P1.11
MAL7P1.225
PFA0100C
PF14_0752
10
20
30
40 CM 
Selected
Culture-adapted
l
o
g
2
 
r
e
l
a
t
i
v
e
 
e
x
p
r
e
s
s
i
o
n
(
a
r
b
i
t
r
a
r
y
 
u
n
i
t
)
 	 ﾠ 127	 ﾠ
D.  The expression of some phista may be under epigenetic regulation 
 
As  previously  mentioned,  multi-gene  families  located  at  the  subtelomeres  show  unique 
transcriptional profile in P. falciparum. These encode exported proteins such as var, rif, stevor, 
pfmc2tm  and  fikk  as  well  as  proteins  predicted  to  be  exported  including  phists.  The  variant 
expression  of  these  genes  in  vitro  is  consistent  with  epigenetic  regulation  as  seen  with  the 
heterochromatin mark, H3K9me3, at their transcriptionally silent loci, binding of H3K9me3 by HP1 
and a strong association between these marks and variant expression in isogenic clones (Flueck 
et al., 2009; Lopez-Rubio et al., 2009; Rovira-Graells et al., 2012; Salcedo-Amaya et al., 2009). In 
all 4 studies, some phista genes were included in ChiP-chip arrays and microarrays. Therefore, 
we collected information from all these studies to assess if the observed transcriptional behavior 
of phista genes determined in this study is consistent with what has been recently published. 
Although there are still information gaps within the phista family, there is a general consensus 
between the four studies (Figure 4-5, left part of matrix). When comparing our transcriptional data 
from  culture-adapted  parasites  and  CM  and  cytoadherent  parasites,  we  also  see  some 
agreement.  For  example,  PFL2565w  is  not  enriched  with  heterochromatin  marks  nor  is  it  a 
member  of  the  Variantome  (Figure  4-5).  Agreeably,  we  also  determined  that  this  gene  is 
constitutively expressed across all parasites assayed (Figure 4-2B and -3B). There are however 
some discrepancies. For PF10_0014 and PF14_0752 this can be explained by the change in 
expression in CM and cytoadherent parasites due to selection, for MAL7P1.225 currently there is 
too  little  published  data  to  draw  any  conclusion.  Also,  our  finding  of  PF14_0748  as  being 
constitutively  expressed in culture-adapted parasites maybe biased to our arbitrary threshold. 
(Figure 4-5).  
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Figure 4- 5: Distribution of variant expression in the phista gene family. Phista genes that 
are  present  in  the  P.  falciparum  variantome  and/or  positive  for  heterochromatin  marks  when 
transcriptionally silent (H3K9me3 bound by HP1, H3K9me3 enrichment at silent loci) are shown 
in  the  left  side  of  the  matrix.  Phista  genes  that  are  variantly  expressed  (Y)  or  constitutively 
expressed in culture-adapted parasites or CM parasite and binders are shown in the right side of 
the  matrix  (N).  nd,  non-determined.*  Phista  family  was  defined  in  Sargeant  et  al.,  2006; 
ψ  
Variantome  (Rovira-Graells  et  al.,  2012);
  Ω  HP1@H3K9me3  (Flueck  et  al.,  2009);  H3K9me3 
enrichment based on ChIP-chip experiments: 
φ Salcedo-Amaya et al., 2009 and 
ω  Lopez-Rubio et 
al., 2009. 
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E.  Subcellular localization of PHISTA domains in developing parasites 
 
The subcellular localization of PHISTA proteins in iRBC remains unknown. PHISTA are relatively 
short proteins (~150aa), composed of a signal sequence and a PEXEL motif directly upstream of 
the  PHIST  domain.  They  lack  TM  domains  and  are  therefore  not  predicted  to  anchor  within 
membranes.  To  assess  the  subcellular  localization  of  PHISTA  domain,  we  generated  3 
transgenic parasite lines expressing HA-tagged PHISTA domains under a HSP86 promoter for 
constitutive  expression  across  the  parasite  development.  We  picked  3  phista  genes  with 
divergent transcriptional behavior:  PFL2565w is constitutively expressed, lacks heterochromatin 
marks and is not part of the variantome (Figure 4-2B, -3B, -5); PFD1185w is variantly expressed 
and under epigenetic regulation based on recently published data (Figure 5); and PF10_0014 
which  is  selected  in  cytoadherent  parasites  (Figure  4-2B  &  -2C).  PHISTA  domains  can  be 
detected in the parasite in early ring stages (Figure 6). The signal is then localized in the iRBC 
cytoplasm  in  trophozoite  and  schizont  stages  leaving  the  PV  completely  devoid  of  signal. 
Additionally, PHISTA domains do not seem to aggregate in any structures such as the MCs as 
seen by the absence of punctate signal and co-localization with the MC-resident protein SBP1.  
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Figure  4-  6:  Subcellular  localization  of  three  PHISTA  domains  during  blood  stage 
development. Episomal expression of three HA-tagged PHISTA domains in P2G12 P. falciparum 
parasites, PF10_0014, PFD1185w and PFL2565w. Localization of the reporter was assayed by 
immunofluorescence  using  anti-HA  antibodies  and  co-localization  with  SBP1,  a  MC-resident 
protein using anti-SBP1 antibodies.  
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III.   Discussion 
 
In this work, I have determined that the phista family is composed of genes that have different 
transcriptional behavior in vitro as compared to parasites from the peripheral blood of children 
with CM and parasites that have been selected on human tissue or selected to form rosettes. In 
particular, a subset of phista genes is overexpressed in parasites with adhesive phenotypes. 
  At the expression level phista genes can be classified into two groups: constitutively or 
variantly expressed.  Whereas a large subset is variantly expressed in culture-adapted, CM and 
selected parasites, a small number shows less expression variation. This pattern of expression is 
different from var genes where one var is dominantly expressed at any given time, yet similar to 
what  has  been  observed  for  rif,  stevor  and  fikk  genes  where  multiple  transcripts  are  highly 
expressed at any given time (Fernandez et al., 1999; Kyes et al., 1999; Lavazec et al., 2007; 
Nunes et al., 2007; Petter et al., 2007).  
  Like  the  aforementioned  gene  families,  phista  genes  are  also  subtelomeric,  and  the 
variation in expression of some members is regulated by reversible modifications to chromatin 
and not by copy number variation (Flueck et al., 2009; Lopez-Rubio et al., 2009; Rovira-Graells et 
al.,  2012;  Salcedo-Amaya  et  al.,  2009)  (Figure  4-5).    Therefore,  the  expression  of  all  these 
families may be controlled by epigenetic processes that allow the parasite to respond rapidly to 
changes in the environment such as fluctuations in nutrient sources, changes in host cell ligand 
and antibody recognition and neutralization. In fact for each of these environmental changes, 
variant gene expression has been observed as a response by the parasite. The cytoadherence 
linked  asexual  genes  (clags)  variant  expression  has  been  linked  to  solute  transport  eba-140 
variant expression to host cell invasion and var gene switching to immune evasion (Biggs et al., 
1991; Cortes et al., 2007; Nguitragool et al., 2011). Here we postulate that phista expression is 
also modulated by cytoadherence.   
  In  cytoadherence-selected  parasites,  three  phista  genes  are  highly  expressed  as 
compared  to  the  rest  of  the  family.  These  same  genes  are  also  dominant  in  CM  samples, 
suggesting  that  a  subset  of  phista  genes  is  preferentially  expressed  in  parasites  that  have 	 ﾠ 132	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adhesive  phenotypes.  Although  parasites  from  CM  patients  were  not  directly  sampled  from 
affected tissues, including the brain, as this would include great risks to the patients (children 
under five years of age were included in this study), we suspect that the parasites circulating in 
the peripheral blood have the same transcriptional profile as those emerging from sequestration 
in the microvasculature of damaged tissues. These parasites may present a transcriptional profile 
reflective  of  cytoadhesive  parasites.  However,  it  is  still  not  known  whether  CM  parasites 
sequestered  in  different  tissues  (as  observed  in  autopsy  studies)  express  different  adhesion 
ligands or are able to cross-adhere to different tissues (Seydel et al., 2006).  In vitro, current 
evidence seems to point towards cross-adhesion. The selection of parasites on HBMEC leads to 
the upregulation of UpsA-type var genes. These parasites can also adhere to pulmonary, dermal 
and cardiac microvascular endothelial cells (Avril et al., 2012).  
It is not clear what role phista genes play in cytoadherence, however so far members of 
this family along with a handful of other genes have been transcriptionally linked to this process. 
In  a  recent  study,  the  phista  gene  PF14_0752,  membrane-associated  histidine  rich  protein  1 
(mahrp1),  P.  falciparum  erythrocyte  membrane  protein  3  (pfemp3),  resa-1  and  3  other 
uncharacterized genes with a PEXEL motif, showed the highest transcriptional upregulation after 
selection for binding to HBMECs (Claessens et al., 2012). In another study, PF14_0752 was also 
dramatically upregulated after selection for binding to CD36 (Mok et al., 2007). These genes all 
have transcriptional peaks in ring stages and could be translated before the chosen PfEMP1 is 
presented on the surface of trophozoite stages (Le Roch et al., 2003). Also, the proteins encoded 
by  these  genes  are  either  involved  in  PfEMP1  trafficking  or  in  altering  the  make-up  and 
mechanical properties of the iRBC membrane (Da Silva et al., 1994; Glenister et al., 2002; Mills 
et al., 2007; Silva et al., 2005; Spycher et al., 2008). Since PHISTA domains do not localize to 
membrane structures as determined by IFA experiments, they may act as accessory proteins in 
the translocation events of PfEMP1 or other proteins involved in cytoadherence.  
In  summary,  we  have  demonstrated  that  phista  genes  (which  are  highly 
underrepresented  on  microarray  platforms),  show  differential  transcriptional  behavior  in  vitro 	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compared to cytoadherent parasites. Their unique presence in falciparum species and the fact 
that they encode soluble exported proteins ties them to cytoadherence. 
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IV.  Materials and Methods 
 
Phista primers  
Primers for 13 phista genes were designed to anneal to non-polymorphic regions using published 
sequence diversity data from field isolates (PlasmoDB), optimized for qRT-PCR by using for P. 
falciparum 3D7 genomic DNA. 
 
Culture-adapted parasites strains  
Long-term culture-adapted parasites used in this study were NF54, 3D7, 3D7 clone P2G12, HB3, 
FCR3, FCR3/CS2 and W2Mef (W2 strain resistant for mefloquine). We also used a subset of 
clinical isolates from Gambia, Pf2004 and from three regions of Sénégal Thies  (TH), Vélingara 
(V)  and  Pikine  (P)  over  the  span  of  2004-2008.  These  parasites  have  been  culture-adapted, 
frozen and thawed repeatedly. These included TH232.02, V56.04, V35.04, TH231.08, P06.08, 
Th137.07  and  4  clones  generated  by  serial  dilution  by  Dr.  Amy  Bei.  We  also  used  a  set  of 
parasites that were selected for binding to human tissues, kind gifts from Dr. Joe Smith. These 
included IT4 parasites selected on human brain microvascular endothelial cells (HBMEC) clones 
1E2,  1A2  and  1E7;  human  pulmonary  microvascular  endothelial  cells  (HPMEC),  the  HPMEC 
clone. The generation and cloning of these parasites is described in Avril et al., 2012. We also 
used rosetting parasites, R29 and PF13. These were independently selected for rosetting using 
monoclonal antibodies on IT4 clone R29 and 3D7 clone PF13 (described in (Janes et al., 2011)). 
 
Parasites from children with cerebral malaria 
Peripheral blood samples from 8 children patients diagnosed with cerebral malaria were used. 
These  eight  samples  are  from  the  Malawian  cohort  described  in  Chapter  III  (see  Chapter  III 
“Subjects and Methods”).   
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Parasite culture conditions 
All P. falciparum lines used in this study were cultivated under standard conditions in O+ human 
erythrocytes, diluted to 4% hematocrit, and in culture medium composed of RPMI-1640 (Sigma-
Aldrich) supplemented with 0.18% sodium bicarbonate and human serum to a final concentration 
of  10%.  Cultures  were  kept  in  an  atmosphere  of  5%  CO2  and  0.5%  O2  in  N2  at  37°C  as 
previously described (Trager and Jensen, 1976).  
 
Quantitative RT-PCR of parasites strains 
To isolate ring-stage RNA samples, parasites were synchronized using 5% D-sorbitol solution. 
The presence of pure ring stages was confirmed by Giemsa smears after which five mls of culture 
was washed in 1X PBS and Trizol added to parasite pellets. Immediately, pellets were vortexed 
until homogenous and directly frozen at -80°C. To isolate RNA, Trizol-pellets were thawed at 
37°C and equal amount of chloroform was added to extract the RNA layer. The RNA layer was 
then purified using the RNeasy mini kit (Qiagen). RNA was then submitted to a Dnase treatment 
(Turbo DNase, Invitrogen) to remove any traces of DNA. The purity and quantity of RNA was then 
determined  using  Nanodop  system  and  cDNA  was  synthesized  using  SuperScript  RT  III 
(Invitrogen). A first qPCR run was performed to the “minus reverse transcriptase” control to test 
for any contaminating DNA species. If amplification occurred, the cDNA reaction was not used in 
further assays. For qRT-PCR, 1ng of cDNA was used per reaction. PHISTa gene expression was 
normalized to the ring-stage gene, encoding skeleton binding protein 1 (SBP1) by the delta Ct 
method. All qRT-PCR were run on Applied BioSystems machines.    
 
Generation of transgenic parasites  
All P. falciparum expression plasmids are based on the pHHK(+) vector (P. falciparum HSP86 
promoter/ KAHRP N-terminus (signal sequence and export domain)/ KAHRP domain/ 3xHA-2xTy 
tag).  Sequences  encoding  target  PHISTA  domain  were  amplified  from  genomic  DNA  of  P. 
falciparum  strain  3D7,  using  Phusion  DNA  polymerase  (New  England  BioLabs,  Ipswich  MA). 
Amplicons were digested with the restriction enzymes AvrII and XhoI (New England BioLabs, 	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Ipswich MA) and ligated into pHHK(+) downstream of KAHRP export domain and upstream of a 
triple HA double TY tag, replacing the KAHRP N-domain. Maxipreps (Origene) of each plasmid 
were generated after transformation and selection of PMC103 electro-competent Escherichia coli 
stocks. P2G12 infected erythrocytes were transfected with 50-100 µg of purified plasmid DNA by 
electroporation using a BioRad GenePulser set at 0.310kV and 950uF. Transfected parasitized 
erythrocytes  were  put  back  in  supplemented  medium  with  200-300µL  of  fresh  RBCs.  Drug 
selection was initiated by addition of 5nM WR99210 9-24hrs after transfection.  
 
Indirect Immunofluorescence Assays 
To generate synchronous PHISTa expressing iRBCs, transgenic parasites were grown to 5% 
parasitemia and synchronized for ring stages using 5% D-sorbitol. Parasites at ring, trophozoite 
and schizont stages were collected for intra-cellular localization by indirect immunofluorescence 
assays. Approximately 500µL of cells were pelleted by centrifugation at 2000rpm for 2min, and 
then pellets were washed twice in 1X PBS. Parasite pellets were fixed in 4% paraformaldehyde/ 
0.0075% gluteraldeyde for 30min at room temperature in suspension. Pellets were washed in 1X 
PBS and permeabilized using 0.1% Triton X-100 for 10min at room temperature. Parasites were 
then washed in 1X PBS and cells were blocked in 3% w/v bovine serum albumin (BSA) in PBS 
for 1hr. Primary antibodies were than added in their respective dilutions and cells were incubated 
for 4hrs: Roche Applied Science rat anti-HA 1:1000 (clone 3F10), and rabbit anti-SBP1 1:500. 
Cells were washed for 5 min in 3% w/v BSA three times, then blocked with secondary antibodies 
(in BSA) for 2 hrs (Invitrogen’s goat anti-rabbit alexa 594 (1:750) and goat anti-rat alexa 488 
(1:1000). After 3 washes in 1X PBS, cells were resuspended in a small volume of 1X PBS and 
mounted on microscope glass slides using VectaShield containing 4',6-diamidino-2-phenylindole 
(DAPI) nuclear dye. Parasites were visualized on a traditional fluorescence microscope. Images 
were edited in Adobe Photoshop. 
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I.  Summary and General Discussion 
In this dissertation, I aimed to answer different questions that are all tied to one bigger problem: 
how do intracellular parasites manipulate the host cell in order to establish infections? There are 
many dimensions to this problem and a priori to solve this problem there are a few concepts that 
need to be explored. First, it requires a detailed understanding of the mechanisms that occur at 
the cellular level that allow parasites to establish residence in a host cell, successfully. Second, 
the  establishment  of  infection  is  a  systemic  process  that  requires  parasites  to  propagate  in 
different cells, tissues and organs and this hints to coordinated parasitic processes that either 
allow, or restrict, such spread. Third, infections are a complex balance between parasite survival 
processes and host defenses that result in a gradation of symptoms and disease severity. This 
points  to  parasite  pathogenic  features  that  can  be  fine-tuned  in  response  to  host  defense 
mechanisms and factors that fluctuate in the host. In this work, we approached this problem by 
addressing these various points.     
In Chapter II, I investigate the sequence requirements for protein export in Apicomplexa 
parasites of similar life styles. In fact, for these parasites an intracellular lifestyle is not facultative. 
As  developed  in  the  introductory  Chapter,  Apicomplexan  parasites  such  as  Toxoplasma  and 
Plasmodium are devoid of de novo synthesis of certain amino acids and thus require host cells 
for growth and replication. Apicomplexa parasites all reside in a parasitophorous vacuole after 
invading  the  host  cell.  We  find  that  Plasmodium,  Babesia  and  Cryptosporidium  share  similar 
export domains. These domains are all functional in Plasmodium whereas in Babesia the domain 
acts  as  a  dense  granule  (secretory  organelle)  targeting  sequence.  We  propose  that  the 
functionality  of  this  domain  has  evolved  to  serve  different  tasks  depending  on  the  type  of 
“residence” the parasite establishes in its host cell. In fact, Babesia only remains in a PV for a few 
minutes after invasion whereas Plasmodium parasite remain in the PV until egress and utilize the 
domain for export during its development in the PV.  
The proteins that are secreted from the parasite into the host, through secretory organelles during 
invasion or during development in the PV, are either potentially essential for parasite viability 
and/or involved in processes at the host-parasite interface such as host cell remodeling. Host cell 	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remodeling comprises all the parasite-mediated processes that alter the make-up of the infected 
host cell. These processes can be thought of as means for the parasite to establish successful 
host  colonization,  intracellular  growth  and  replication,  which  require  nutrient  and  energy 
acquisition, immune evasion and transmission.  
Many of the players in host cell remodeling have been localized outside the parasite’s 
plasma membrane and are often members of multi-gene families. Gene family expansion creates 
functional redundancy even across life cycle stages. P. falciparum multi-gene families that harbor 
an  export  domain  are  commonly  localized  at  the  subtelomeres,  which  are  regions  of  the 
chromosomes highly prone to recombination events (Sargeant et al., 2006). At the gene family 
level, this creates diversity, which can potentially alter the function of certain family members. On 
top  of  diversity  driven  by  recombination,  known  subtelomeric  genes  (i.e.  2TM  gene  families) 
encoding  surface-expressed  proteins  show  regions  of  high  nucleotide  diversity  or  single 
nucleotide polymorphisms (SNPs) (Lavazec et al., 2006; Volkman et al., 2002). These are RBC 
anchored membrane protein exposed to antibody recognition and may be therefore targeted by 
the immune system and in the case of PfEMP1 and RIFINS has lead to the evolution of antigenic 
variation.  Furthermore,  subtelomeric  genes  have  been  shown  to  undergo  variant  expression 
through  epigenetic  mechanisms,  where  changes  in  heterochromatin  state  of  gene  loci  either 
silences or activates gene transcriptional expression (Flueck et al., 2009; Lopez-Rubio et al., 
2009;  Rovira-Graells  et  al.,  2012;  Salcedo-Amaya  et  al.,  2009;  Tonkin  et  al.,  2009).  Genes 
involved in host cell remodeling thus have all the features that could allow the parasite to adapt 
and tolerate environmental changes, within a host, or between hosts.  
In Chapter III, we take advantage of this insight in order to systematically identify and 
describe these genes. Not only do we identify genes at the host-parasite interface, we do so in 
their natural state using microarray transcriptional expression data of parasites directly sampled 
from patients with P. falciparum malaria. We discover gene co-expression modules, groups of 
genes, which through co-expression across clinical isolates, are hypothesized to function in the 
same pathway. We are able to validate some of these modules through the association of known 
genes in particular pathways such as invasion and cytoadherence. These genes modules are rich 	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in information. They directly link genes to disease. In fact, we observed that variable modules 
(groups of genes that co-vary together across patients) are associated with pathology whereas 
constitutive  modules  do  not.  Additionally,  the  loci  of  genes  from  these  variable  modules  are 
enriched in heterochromatin marks when transcriptionally silent. This highly suggests that the 
variable  expression  of  these  genes  is  a  result  of  parasite  responses  to  changes  in  the  host 
environment. These responses could range from evasion of host humoral immunity or adaptation 
to nutrient and even oxygen deprivation, temperature variation and changes in host receptor type 
and availability. It remains to be determined how these genes and their product actually influence 
disease.  Additionally,  genes  in  constitutive  export  modules  encoding  exported  proteins  are 
potentially interesting for disease control purposes. Not mentioned in Chapter III, we identified an 
export module containing the vaccine candidate resa. This gene forms a small module containing 
3  other  phista  genes,  including  phista  PFL2565w,  which  was  determined  in  Chapter  IV  as  a 
constitutively  highly  expressed  gene  across  all  samples  and  selectively  upregulated  in  CM 
patients. This partially confirms the definition of this resa module as a constitutive module and 
suggests  that  it  includes  other  genes  that  could  be  added  to  the  malaria  vaccine  candidate 
selection pipeline in particular if they meet the criteria for immunogenicity.    
Finally, in Chapter IV, we focus on one gene family: the phista multi-gene family. This 
gene family is a perfect candidate to validate the use of expression data (as done in Chapter III) 
in order to study gene function in host cell remodeling. In Chapter II, the phist superfamily was 
described as an ancestral plasmodial gene family as it is the only family found across the entire 
genus that harbors an export domain. In Chapter III, phists were found in a number of modules 
both constitutive and variant in nature. The growing amount of data on phists suggests that they 
are  involved  in  two  processes,  cytoadherence  and  host  cell  remodeling  during  sexual 
development, and may function as chaperones. We determine that phista genes are variantly 
expressed  in  unselected  culture-adapted  parasites  and  that  a  few  members  are  dominantly 
expressed in parasites with binding phenotypes and parasites from children with cerebral malaria. 
One  of  these  phista  genes  is  PF14_0752  also  present  in  variable  module  1  (Chapter  III). 
Therefore  it  is  possible  that  this  module  is  involved  in  cytoadherence,  specifically  the 	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translocation of PfEMP1 to the surface as the genetic deletion of another member of this module 
PF11_0512, abrogates PfEMP1 export (Maier et al., 2008). 
 
II.  Future Perspectives 
In this dissertation, we have identified single genes as well as gene modules at the host-parasite 
interface, which potentially function in host cell remodeling. Additional work remains to validate 
and elucidate their function. For this to be achieved, functional studies using sophisticated tools 
such as forward genetics (i.e. protein overexpression) or reverse genetics (i.e. genetic deletion) in 
combination with phenotypic read-out related to cytoadherence, host cell rigidity, resistance to 
heat  shock,  growth  among  other  assays  could  be  performed  in  vitro.  However,  there  are 
limitations with such studies. First, generating transgenic P. falciparum parasites is technically 
difficult  due to the A/T richness of its genome, which makes cloning complicated and proper 
plasmid  integration  events  rare  (Gardner  et  al.,  2002;  Maier  et  al.,  2008).  Second,  in  vitro 
adaptation  often  leads  to  genetic  mutations  which  may  be  as  severe  as  deletions  of  large 
chromosome fragment, therefore one has to always keep in mind the fragility of parasites in 
culture and experimental error that can arise from it (Day et al., 1993; Ribacke et al., 2007). Third, 
gene networks identified in vivo although relevant to disease may be different when parasites are 
studied under controlled culture conditions. As described in Chapter III and IV, studying parasites 
in vitro essentially removes any selection that may have caused the phenotype initially. However, 
some  tools  have  allowed  the  reproduction  of  such  phenotypes  in  vitro,  for  example  panning 
experiments on soluble receptors or human endothelial cells allows for the enrichment of parasite 
subpopulations able to cytoadhere.  
The work in this dissertation is focused on asexual stages of the intra-erythrocytic life 
cycle. However, host cell remodeling also occurs in other stages. For example, a few phista 
genes are potential major players in sexual development. Within this family, we have linked a few 
members to cytoadherence in asexual stages. As mentioned earlier, gene family expansion may 
serve a role in diversifying function across parasite stages. Therefore, phista genes may also be 	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involved in cytoadherence in gametocytes. This suggests that host cell remodeling can also be 
studied in other parasite stages and that the function of genes involved in this process may be 
redundant. In terms of drug and vaccine development this has importance as a single compound 
or a single epitope can target multiple parasite stages. In particular for a vaccine, a single epitope 
could block disease by targeting asexual stages in the erythrocytic cycle (when pathology occurs) 
and block transmission by targeting gametocytes in the blood and potentially in the mosquito if an 
antibody response has been elicited. Ultimately there is great potential to increase efficacy of the 
tool used when multiple stages are targeted. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 	 ﾠ 150	 ﾠ
III.  References 
Day, K.P., Karamalis, F., Thompson, J., Barnes, D.A., Peterson, C., Brown, H., Brown, G.V., and 
Kemp,  D.J.  (1993).  Genes  necessary  for  expression  of  a  virulence  determinant  and  for 
transmission of Plasmodium falciparum are located on a 0.3-megabase region of chromosome 9. 
Proceedings of the National Academy of Sciences of the United States of America 90, 8292-8296. 
Flueck, C., Bartfai, R., Volz, J., Niederwieser, I., Salcedo-Amaya, A.M., Alako, B.T., Ehlgen, F., 
Ralph, S.A., Cowman, A.F., Bozdech, Z., et al. (2009). Plasmodium falciparum heterochromatin 
protein 1 marks genomic loci linked to phenotypic variation of exported virulence factors. PLoS 
pathogens 5, e1000569. 
Gardner, M.J., Hall, N., Fung, E., White, O., Berriman, M., Hyman, R.W., Carlton, J.M., Pain, A., 
Nelson,  K.E.,  Bowman,  S.,  et  al.  (2002).  Genome  sequence  of  the  human  malaria  parasite 
Plasmodium falciparum. Nature 419, 498-511. 
Lavazec, C., Sanyal, S., and Templeton, T.J. (2006). Hypervariability within the Rifin, Stevor and 
Pfmc-2TM superfamilies in Plasmodium falciparum. Nucleic acids research 34, 6696-6707. 
Lopez-Rubio,  J.J.,  Mancio-Silva,  L.,  and  Scherf,  A.  (2009).  Genome-wide  analysis  of 
heterochromatin associates clonally variant gene regulation with perinuclear repressive centers in 
malaria parasites. Cell host & microbe 5, 179-190. 
Maier, A.G., Rug, M., O'Neill, M.T., Brown, M., Chakravorty, S., Szestak, T., Chesson, J., Wu, Y., 
Hughes, K., Coppel, R.L., et al. (2008). Exported proteins required for virulence and rigidity of 
Plasmodium falciparum-infected human erythrocytes. Cell 134, 48-61. 
Ribacke, U., Mok, B.W., Wirta, V., Normark, J., Lundeberg, J., Kironde, F., Egwang, T.G., Nilsson, 
P., and Wahlgren, M. (2007). Genome wide gene amplifications and deletions in Plasmodium 
falciparum. Molecular and biochemical parasitology 155, 33-44. 
Rovira-Graells,  N.,  Gupta,  A.P.,  Planet,  E.,  Crowley,  V.M.,  Mok,  S.,  Ribas  de  Pouplana,  L., 
Preiser, P.R., Bozdech, Z., and Cortes, A. (2012). Transcriptional variation in the malaria parasite 
Plasmodium falciparum. Genome research 22, 925-938. 
Salcedo-Amaya, A.M., van Driel, M.A., Alako, B.T., Trelle, M.B., van den Elzen, A.M., Cohen, 
A.M., Janssen-Megens, E.M., van de Vegte-Bolmer, M., Selzer, R.R., Iniguez, A.L., et al. (2009). 
Dynamic  histone  H3  epigenome  marking  during  the  intraerythrocytic  cycle  of  Plasmodium 
falciparum. Proceedings of the National Academy of Sciences of the United States of America 
106, 9655-9660. 
Sargeant, T.J., Marti, M., Caler, E., Carlton, J.M., Simpson, K., Speed, T.P., and Cowman, A.F. 
(2006).  Lineage-specific  expansion  of  proteins  exported  to  erythrocytes  in  malaria  parasites. 
Genome biology 7, R12. 	 ﾠ 151	 ﾠ
Tonkin, C.J., Carret, C.K., Duraisingh, M.T., Voss, T.S., Ralph, S.A., Hommel, M., Duffy, M.F., 
Silva, L.M., Scherf, A., Ivens, A., et al. (2009). Sir2 paralogues cooperate to regulate virulence 
genes and antigenic variation in Plasmodium falciparum. PLoS biology 7, e84. 
Volkman, S.K., Hartl, D.L., Wirth, D.F., Nielsen, K.M., Choi, M., Batalov, S., Zhou, Y., Plouffe, D., 
Le  Roch,  K.G.,  Abagyan,  R.,  et  al.  (2002).  Excess  polymorphisms  in  genes  for  membrane 
proteins in Plasmodium falciparum. Science (New York, N.Y.) 298, 216-218. 
 	 ﾠ 152	 ﾠ
ANNEX	 ﾠ 153	 ﾠ
 
 
 
 
Supplemental figure S1: Control experiments and smORF2-YFP ultrastructural distribution 
in B. bovis. A. IFA with the BSD-eGFP parasite line. This line expresses a BSD-eGFP fusion 
protein in the parasite cytoplasm. Both IFA and live imaging do not show any labeling outside of 
the parasite. B. Immunoelectron microscopy with CE11 parasites. Wild type parasites do not 
show any reactivity when stained with anti-GFP antibodies. Altogether these control experiments 
demonstrate that the signal obtained by IFA and immunoelectron microscopy is specific. 
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